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Natural and anthropogenic disturbances have altered the N cycle on the regional to global 
scale. Although numerous studies have examined the effects of chronic atmospheric N deposition 
on ecosystem processes, less is known about intra-annual variability of these processes, or how 
these responses might be altered under conditions of changing climate. The work described in this 
dissertation focuses on the effects of a changing chemical and physical climate, particularly 
terrestrial N processes (a) during Maine’s changing winters, and (b) in response to chronic elevated 
N additions.  
Subnivean winter soil processes were examined at the Dwight B. DeMerritt Forest (DBDF) 
and the Bear Brook Watershed in Maine (BBWM). In addition, we conducted an experimental 
snow removal study for two consecutive winters at DBDF to simulate reduced snowfall and induce 
soil freezing. Soil microbial processes of N mineralization and immobilization continued under 
 the snowpack (reference plots), and soil freezing and thawing events increased C and N 
concentrations (treated plots), which we took as evidence of microbial cell lysis. 
BBWM is a long-term paired-watershed experiment designed to study the effect of 
elevated N deposition and acidification. Research at the site has studied the evolution of ecosystem 
response to treatments and ambient changes in the chemical and physical climate over time, in 
particular, declining S and N deposition and a warmer, wetter climate in the Northeast. Here, we 
synthesize results from three decades of research on streams, soils, and vegetation to describe the 
long-term effect of N deposition at BBWM. While N leaching and export increased almost 
immediately in response to the treatments, labile soil N did not increase until the fifth year of 
treatment. Labile N became increasingly available in West Bear over time; after 25 years of 
treatment, treated soils had 10X more extractable ammonium and 200X more extractable nitrate 
than the reference watershed soils.  
The research presented here fills a critical gap in our understanding of New England 
temperate forests. Our findings highlight the importance of long-term ecological research to 
understand ecosystem response, which is especially important in light of the current period of rapid 
environmental change.
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CHAPTER 1 
INTRODUCTION 
Natural and anthropogenic disturbances have altered the global nitrogen (N) cycle since 
the early 20th century, with significant effects observed on regional to global scales. Human 
activities have increased the amount of reactive N in the environment, and temperate forests have 
been showing signs of N enrichment and saturation (Galloway et al. 2008; Li et al. 2016). Long-
term studies allow us to understand ecosystem responses to chronic disturbances, as well as the 
effects of changing climate and stochastic events. Given the accelerating rates of warming and the 
increasing frequency of extreme events (Hayhoe et al. 2007; Wuebbles et al. 2017), it is becoming 
increasingly important to study how temperate forests might respond to N enrichment in a 
changing climate. In addition, relatively little is known about intra-annual variability in N cycling, 
especially during winter months. The research described in this dissertation examines short-term 
and long-term responses of terrestrial nitrogen processes to two types of disturbances: changing 
winters and chronic N enrichment. 
Chapters 2–4 describe soil nitrogen cycling in winter. Microbes in subnivean soils remain 
active during winter due to the insulating properties of a continuous snowpack (Campbell et al. 
2005; Brooks et al. 2011). The vernal transition (i.e. the seasonal change from winter to spring) is 
brought on by increasing air temperatures and melting snowpack, and is characterized by 
increasing water availability, microbial turnover, and increased nutrient availability — all of which 
have significant implications for biogeochemical processes during the growing season (Groffman 
et al. 2012; Contosta et al. 2017). The depth and duration of snowpack influence the character and 
duration of winter conditions, and the vernal transition is lengthening with warmer winters 
2 
(Contosta et al. 2017). Chapter 2 describes N processes occurring during winter and the vernal 
transition in 2015 and 2016, two years with contrasting winter conditions in Maine.  
Chapter 3 describes results from a snow manipulation experiment that was established to 
study the effects of reduced snowpack on soil processes. Northeastern North America is 
experiencing warming winter with reduced snowfall accumulation (Hodgkins and Dudley 2006; 
Burakowski et al. 2008; Campbell et al. 2010; Hamburg et al. 2013). Soils under a thin snowpack 
are more likely to experience freezing and thawing cycles, which disrupt C and N processes 
(Groffman et al. 2001). The study reported here is one of the few snow manipulation experiments 
conducted in coniferous soils and describes how concrete frost disrupted soil microbial processes 
and increased soil C and N availability. Following the two-year field manipulation, we conducted 
a laboratory experiment to further examine how freezing and thawing altered soil microbial 
processes. Chapter 4 reports on this laboratory experiment. Soils were incubated at freezing 
temperatures in the laboratory and were subjected to “thaw–freeze” cycles of varying frequencies 
to examine how multiple thaw cycles influenced N availability and microbial processes. Whereas 
various mechanisms have been proposed to explain why soil freezing and thawing increases C and 
N availability (e.g., microbial cell lysis, root mortality, reduced root uptake and disruption of soil 
aggregates), these findings vary by forest cover and the magnitude and frequency of thaw cycles 
(Matzner and Borken 2008; Song et al. 2017). Our study in chapter 4 concludes that the microbial 
community was disrupted by the thaw–freeze cycles and that the increased C and N concentrations 
observed in the laboratory and field experiments were due to microbial cell lysis.  
In chapters 5 and 6, we report on studies conducted at the Bear Brook Watershed in Maine 
(BBWM). BBWM is a long-term whole watershed experimental manipulation established to study 
the effects of chronic N enrichment on ecosystem function. From 1989 to 2016, the treated 
3 
watershed, West Bear (WB), was subjected to bimonthly additions of ammonium sulfate 
[(NH4)2SO4] (Fernandez et al. 2010). This is one of the few multi-decadal whole-ecosystem forest 
chemical manipulation experiments in the world, and studies conducted here have provided 
valuable insights on soil, vegetation, and stream function. In chapter 5, we synthesize data from N 
mineralization studies conducted during the three decades of the experiment, to analyze temporal 
trends in soil function. Our results offer insight on the short and long-term effects of N enrichment, 
highlighting an ecosystem transition that occurred around 1993, four years after the treatments 
began. In chapter 6, we examine the long-term input-output budgets and N retention at BBWM 
and examine the current ecosystem N pools.  
This dissertation contains work that has contributed to the growing body of literature 
examining soil and ecosystem responses to environmental disturbances, and our findings provide 
valuable information on forest soil function in Maine and in northeastern North America.  
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CHAPTER 2 
WINTER AND SPRING C AND N DYNAMICS  
IN FOREST SOILS IN MAINE, USA 
 
ABSTRACT 
We examined patterns in soil carbon (C) and nitrogen (N) availability in Maine’s Acadian 
forests as these systems transitioned from winter to spring. Research was conducted over two years 
(2015 and 2016) in three ecosystems: CON (coniferous forests), DEC (deciduous forests), and 
DEC+N (deciduous forests under chronic experimental N enrichment). Soil C and N 
concentrations were greater in winter 2015 than winter 2016 due to greater snow accumulations in 
2015, but these differences did not persist post-melt. CON soils showed evidence of net N 
immobilization, while DEC and DEC+N soils showed evidence of net N mineralization under the 
snowpack. Thaw periods were marked by microbial cell lysis, with a flush of N seen in DEC+N 
soils. Our study demonstrates that snowpack depth and duration influence the timing of nutrient 
dynamics and reinforces the importance of forest type and soil nutrient status in winter and spring 
ecosystem function. 
INTRODUCTION 
The vernal transition is a critical period of temperate and boreal ecosystem function that is 
brought on by increasing air temperatures and rapid snowmelt at the end of winter. Soils under 
snowpack experience rapid warming that signals the start of a biogeochemical cascade as the 
ecosystem begins to “wake up” (Buckeridge et al. 2010; Groffman et al. 2012; Contosta et al. 
2016). This transition period is characterized by significant increases in soil water availability 
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(Harpold et al. 2015), as well as the mobilization and subsequent export of labile carbon (C) and 
nitrogen (N) in soils and streams (Pellerin et al. 2012; Sarkkola et al. 2012; Fuss et al. 2016). The 
soil microbial community undergoes turnover and succession due to rapidly increasing soil 
temperatures and changing nutrient availability, with microbial cell lysis occurring during the 
turnover that releases C and N in the soil (Schmidt and Lipson 2004; Jefferies et al. 2010). 
Microbial activity also increases with warming temperatures during the vernal transition, with 
greater rates of soil nutrient transformations such as C- and N-mineralization, nitrification, and 
denitrification (Rochette et al. 2008; Miller et al. 2009; Morse et al. 2015b).  
Although winter has been described as a dormant season due to sub-zero air temperatures, 
the insulating properties of snow allow heterotrophic microbial activity to continue under the 
snowpack (Campbell et al. 2005; Lipson et al. 2009; Brooks et al. 2011; Pauli et al. 2013). The 
resultant winter-time nutrient transformations contribute significantly to annual nutrient fluxes 
(Kielland et al. 2006; Groffman et al. 2009; Contosta et al. 2011). However, less is known about 
how forest type and ecosystem nutrient status may impact biogeochemical cycling through winter 
and the vernal transition. Forest canopy differences influence snow interception and therefore 
accumulation on the forest floor (Hart 1963; Varhola et al. 2010; Nelson et al. 2013). Compared 
to coniferous forests, soils in deciduous forests experience a deeper snowpack, but an earlier snow-
out due to greater ablation under an open canopy. In addition, coniferous soils generally have 
slower N cycling and low nitrification rates compared to deciduous soils due to higher C:N ratio 
and lower quality of the litter organic content (Gosz and White 1986; Booth et al. 2005). Plant 
productivity in forests of northeastern USA is generally N-limited, although long-term 
anthropogenic N deposition has altered the N status of some of these forests (Aber et al. 2003; 
Davidson et al. 2011). N-enriched soils exhibit greater N mineralization and nitrification rates 
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(Reich et al. 1997), N leaching (Lovett and Goodale 2011), and denitrification (Morse et al. 2015a). 
Higher N deposition rates have also been found to decrease soil microbial biomass and alter 
microbial community structure (Frey et al. 2004; Wallenstein et al. 2006; Treseder 2008). Despite 
decades of research on C and N dynamics in forest ecosystems, relatively few studies have 
examined the effects of N enrichment during the vernal transition (e.g. Buckeridge et al. 2010; 
Contosta et al. 2011; Freppaz et al. 2012). In this paper, we investigate C and N cycling in soils of 
the Acadian forest during the vernal transition. We conducted a two-year study at two forested 
sites in Maine, USA to evaluate how soil C and N processes were influenced by (1) forest type and 
(2) ecosystem N status over two winters of contrasting severity. 
METHODS 
Site description  
This research was conducted at two sites in Maine, the Dwight B. DeMerritt Forest (DBDF) 
and Bear Brook Watershed in Maine (BBWM) (Figure 2.1). Both sites lie within Maine’s southern 
interior climate division (Briggs and Lemin 1992) and are part of the Acadian Forest Region. The 
Acadian Forest Region represents an ecological transition between temperate and boreal biomes 
in North America and is characterized by broadleaf deciduous and mixed forest species (Seymour 
et al. 2002). 
Located in central Maine, USA (44°56'N, 68°40'W) DBDF was the site for a snow removal 
experiment under coniferous forest cover (Tatariw 2016; Tatariw et al. 2017; Patel et al. 2018c). 
The results presented here are from the reference (i.e., the unmanipulated) plots from that 
experiment. Average annual air temperature (2005–2014) at the site was 6.4 °C (Station GHCND: 
USW00094644; (Menne et al. 2012a, b). Vegetation at the site was mostly coniferous, dominated 
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by Pinus strobus (eastern white pine), Tsuga canadensis (eastern hemlock), and Picea rubens (red 
spruce). Soils were acidic, well-drained, coarse-loamy, isotic frigid Typic Haplorthods. 
 
Figure 2.1. Site locations. BBWM = Bear Brook Watershed in Maine; DBDF = Dwight B. 
DeMerritt Forest.  
 
BBWM is a long-term whole watershed N addition experiment in eastern Maine, USA 
(44°52'N, 68°06'W) established to study the effects of elevated N and sulfur (S) deposition on 
ecosystem processes. BBWM is comprised of two paired watersheds, the reference East Bear 
Brook (11.0 ha) and the manipulated West Bear Brook (10.3 ha), treated with bimonthly 
applications of ammonium sulfate (NH4)2SO4 at the rate of 28.8 kg S ha−1 year−1 and 25.2 kg N 
ha−1 year−1. Vegetation is similar in both watersheds with lower elevations, where this research 
was conducted, dominated by Fagus grandifolia (American beech), Acer saccharum (sugar 
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maple), and Acer rubrum (red maple); thus, BBWM is considered a deciduous site in this research. 
Soils are coarse-loamy, mixed, frigid Typic Haplorthods (Norton et al. 1999; SanClements et al. 
2010). Average annual air temperature (2005–2014) at the site is 5.6 °C (Patel et al. 2018a,b). 
Research at BBWM has shown that long-term N additions have resulted in greater soil N 
availability (SanClements et al. 2010), increased N mineralization and nitrification rates (Jefts et 
al. 2004), and higher nitrate (NO3-) concentrations in soil solution and stream export (Fernandez 
et al. 2010; Fatemi et al. 2012). The results presented here are from both the reference and treated 
watersheds. 
Experimental design and sampling 
The experimental design at DBDF consisted of four 5 x 30 m plots arranged in parallel 
within an area of approximately 3,000 m2 (Appendix A, Figure A1). Soils were collected from 
each plot (n = 4) over 10 collections in 2015 and 13 collections in 2016, and sampling locations 
were along a 1 x 1 m grid. The experimental design at BBWM consisted of three transects in each 
watershed, arranged in a Y-pattern, with an angle of 120 ° between transects (Appendix A, Figure 
A2). Soils were collected from each transect (n = 3) during four collections in 2015 and six 
collections in 2016, and the sampling locations were spaced 1 m apart.  
This study focused on the surface organic soils (O horizon) sampled down to the mineral 
interface. Soil samples were collected from both sites between January and July of 2015 and 2016 
during winter, vernal transition, and spring–summer periods (descriptions given below). Frozen 
soils were collected using a chisel and hammer, and thawed soils were collected using a soil knife 
and trowel. Frozen soil was thawed overnight in the laboratory at 4 °C before processing. We use 
the term “soil type” here to signify soils of varying forest type and N status combinations: CON 
 10 
(coniferous at DBDF), DEC (deciduous, no N additions in the reference watershed at BBWM), 
and DEC+N (deciduous, N-enriched soils in the treated watershed at BBWM). 
Temperature and snowpack measurements 
Air and soil temperatures at BBWM were recorded using Onset HOBO™ data loggers 
(Onset Computer Corporation, Bourne, MA, USA) (Fernandez et al. 2007). At DBDF, soil 
temperature was recorded using Thermochron® iButtons (Maxim Integrated, San Jose, CA, USA) 
buried in the soil, and daily air temperature records were obtained from the local National Oceanic 
and Atmospheric Administration (NOAA) weather station located 2.4 km from DBDF (GHCND: 
USW00094644; (Menne et al. 2012a, b). 
Weekly snow depth and snow water equivalent (SWE) records for BBWM were obtained 
from the Maine Snow Survey for Beddington, ME (Maine River Flow Advisory Commission 
2016). There were no local snow survey stations near the DBDF site. We therefore recorded snow 
depth at the site using a meter-stick, and calculated SWE by taking snow cores. Cores were taken 
across the entire depth of the snowpack using a polyurethane tube (5 cm diameter). The snow 
collected was weighed to determine the density, and SWE was calculated by multiplying snow 
depth and density.  
Laboratory processing and analysis 
Field-moist soil samples were sieved through a 6 mm screen and homogenized before 
analysis. Soil available ammonium (NH4+-N) was extracted using 2M KCl (soil:extractant ratio 
1:10), shaken for 30 minutes and filtered through Whatman® 42 filter paper. NH4+-N was 
determined colorimetrically on an Alpkem A/E Ion Analyzer (OI Analytics) at the Maine 
Agricultural and Forest Experiment Station (MAFES) Analytical Laboratory. Organic C was 
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extracted using deionized water (soil:extractant ratio 1:10) and hand-shaken for one minute before 
centrifuging and filtration through Nuclepore™ 0.4 µm polycarbonate membranes (modified from 
Hunt and Ohno 2007). Water extractable organic C (WEOC) was measured on a Shimadzu TOC-
5000 or TOC-L total organic carbon analyzer. WEOC absorbance was measured on a Shimadzu 
UV-1800 Spectrophotometer, and specific ultraviolet absorbance (SUVA) was calculated from the 
absorbance at 254 nm (Weishaar et al. 2003). SUVA has been correlated with aromaticity and is 
considered an indicator of WEOC quality, with higher values indicative of increased microbial 
utilization of organic C (Kalbitz et al. 2003). Potential net N mineralization (PNNM) was 
determined by incubating soils in polystyrene cups in the dark at ~25 °C for 14 days and measuring 
extractable inorganic N (NH4+-N and NO3--N) pre-and post-incubation (Hart et al. 1994). 
Inorganic N was extracted pre- and post-incubation using 2M KCl (soil:extractant ratio 1:10) for 
48 hours at room temperature, and filtered and analyzed as described above for extractable NH4+-
N. PNNM was calculated as the difference in post- and pre-incubation inorganic N. Total C (TC) 
and total N (TN) were determined on air-dried soils (ground to 2 mm using a Wiley Mill) by dry-
combustion (Sollins et al. 1999) on a LECO TruMac CN analyzer (MAFES Analytical 
Laboratory).  
Statistical and data analysis  
Sampling dates were grouped into three seasonal categories — winter, vernal transition, 
and spring–summer, defined using the 7-day moving average of daily air temperatures (Table 2.1). 
The vernal transition began when the 7-day moving average permanently exceeded 0 °C, and 
ended when it permanently exceeded 10 °C. These dates coincided with inflections in organic soil 
temperature and canopy closure, respectively (not shown here). These dates did not differ between 
sites/forest types, with the vernal transition extending from April 12 to May 04 (23 days) in 2015, 
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and from April 10 to May 12 (31 days) in 2016. Sampling dates occurring before the vernal 
transition were classified as winter, and sampling dates occurring after the vernal transition were 
classified as spring–summer. Freezing degree days (FDD) and thawing degree days (TDD) were 
computed for the period January 1 to July 15 of each year, to characterize the two study years. 
FDD was used as an index of winter severity, calculated as the sum of daily average air 
temperatures for all days when the value was below 0.00 °C. TDD was used to characterize the 
“cumulative heat” of the system, calculated as the sum of daily average air temperatures for all 
days when the value was above 0.00 °C.  
All data were log-transformed prior to statistical analysis. Student’s t-tests and one-way 
analysis of variance (ANOVA) were used to compare seasonal periods among soil types and years. 
Statistical significance was determined at α = 0.05. All statistical analyses were conducted using 
JMP®, Version 13 (SAS Institute Inc., Cary, NC, 1989-2007).  
 
 
Table 2.1. Temperature thresholds and dates defining the three temporal periods of study. 
Temperature thresholds are for seven-day running average of air temperature. 
Season Temperature thresholds 2015 2016 
Winter < 0 °C Jan. 1 to Apr. 12 Jan. 1 to Apr. 10 
Vernal transition 0 to 10 °C Apr. 12 to May 4 Apr. 10 to May 12 
Spring–summer > 10 °C May. 4 to Jul. 15 May 12 to Jul. 15 
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RESULTS 
Meteorological parameters 
Both study sites (DBDF and BBWM) experienced notably different winter conditions 
when comparing 2015 and 2016 (Figure 2.2, Table 2.2). 2016 was a warmer year (more TDD), 
and was characterized by a milder winter (fewer FDD) with less snow accumulation (represented 
as peak SWE). In 2015, BBWM experienced ~1.5X greater snow accumulation (SWE) compared 
to DBDF, and the snowpack at both sites persisted until mid-April. In 2016, there was little 
difference in snow accumulation between the two sites, and the snowpack persisted until late 
March — although both sites experienced a mid-winter thaw in February–March 2016 (Figure 
2.2e,f). Site differences in snow accumulation reflected regional gradients seen across the state of 
Maine. In 2015, eastern Maine (i.e. the region around BBWM) received ~1.5X more snowfall than 
central Maine (i.e. the region around DBDF), but the two regions received comparable — but very 
limited — snowfall in 2016 (Maine River Flow Advisory Commission, 2015; 2016).  
 
 
Table 2.2. Thermal and snow indices for the two sites. DBDF = Dwight B. DeMerritt Forest and 
BBWM = Bear Brook Watershed in Maine. Temperature data are for the period January 1 to July 
15. 
 DBDF BBWM 
 2015 2016 2015 2016 
Freezing degree days (FDD) 925 400 745 414 
Thawing degree days (TDD)  1271 1368 1187 1304 
Peak SWE 13.1 cm 3.3 cm 21.4 cm 4.4 cm 
Peak snow depth  55.0 cm 16.0 cm 82.3 cm 16.4 cm 
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Figure 2.2. Time-series graphs of (a–b) 7-day moving average of air temperature; (c–d) 7-day 
moving average of soil temperature; (e–f) snow depth. Solid (black) lines represent values for 
2015, dashed (gray) lines represent values for 2016. X-axis labels represent months from January 
to July. The gray bars underneath the X-axis represent the seasonal time periods: winter (W), 
vernal transition (VT), and spring–summer (SS).  
 
Soil characteristics at the sites 
Soil TC, TN, and C:N values varied between soil types, but not between years. We 
therefore report only grand means for each soil type in Table 2.3. TC concentration was ~1.5X 
higher in CON soils than in DEC and DEC+N, which did not differ from each other (Table 2.3; 
t26.19 = 0.75, p = 0.4624). TN concentrations did not differ between the three soil types (F2,46 = 
0.41, p = 0.6653).  
As with TC, WEOC concentrations were highest in CON soils, and did not differ between 
DEC and DEC+N (Table 2.3; t129 = 0.31, p = 0.7561). NH4+-N concentrations in DEC+N soils 
were more than 7X the concentrations in DEC and CON, which did not differ from each other 
(Table 2.3; t148 = 1.74, p = 0.0830). NH4+-N concentrations were significantly higher in 2015 than 
2016 for all three soils (Table 2.4; CON: t70.72 = –3.64, p = 0.0005; DEC: t24.51 = –3.73, p = 0.0010; 
DEC+N: t26.14 = –2.50, p = 0.0190).  
  
 16 
Table 2.3. Soil nutrient concentrations at the sites. Values reported as mean (standard error). 
Different letters indicate statistically significant differences between soil types.  
 CON DEC DEC+N 
Total nutrient concentrations   
Total C (%) 37 (1) a 24 (0) b 26 (3) b 
Total N (%) 1.1 (0.0) a 1.1 (0.1) a 1.2 (0.1) a 
C:N 35 (0) a 21 (1) b 23 (0) b 
    
Extractable (labile) nutrient concentrations 
WEOC (mg kg-1) 336 (22) a 157 (16) b 129 (15) b 
NH4+-N (mg kg-1) 6.5 (0.4) b 11 (2) b 75 (11) a 
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Table 2.4. Seasonal means of NH4+-N, WEOC, SUVA254, and PNNM by year. Numbers in parentheses are standard error. Asterisks 
denote significant differences between years within a season for the soil type. Different letters denote significant differences among 
seasons within a year for the soil type. Statistical significance was determined at α = 0.05. 
 CON  DEC  DEC+N 
 2015 2016  2015 2016  2015 2016 
NH4+-N, mg kg-1         
Winter 7.71 (0.81) a 4.15 (0.46) b*  32.81 (3.07) a 8.73 (2.89) a*  67.26 (9.22) a 78.39 (24.58) a 
Vernal transition 7.11 (0.46) a 6.38 (0.95) ab  10.97 (2.41) b 5.00 (0.64) a*  118.28 (23.81) a 51.46 (19.05) a 
Spring–summer 8.73 (1.47) a 8.72 (0.92) a  10.87 (3.83) b 3.72 (0.79) a  79.70 (31.38) a 28.87 (13.03) a 
Jan–Jul average 7.73 (0.51) 5.58 (0.46) *  16.40 (3.25) 6.65 (1.51) *  95.88 (15.00) 61.16 (14.21) * 
WEOC, mg kg-1         
Winter 495 (74) a 281 (19) a*   162 (24) a   148 (27) a 
Vernal transition 286 (43) a 254 (48) a   143 (22) a   95 (17) a 
Spring–summer 362 (33) a 307 (47) a   175 (51) a   147 (21) a 
Jan–Jul average 406 (42) 293 (17) *   158 (16)   129 (15) 
SUVA254, L mg-1 m-1         
Winter 4.89 (0.41) a 4.36 (0.15) a   4.18 (0.19) a   4.11 (0.23) a 
Vernal transition 4.77 (0.62) a 4.18 (0.22) a   3.78 (0.36) a   4.31 (0.28) a 
Spring–summer 7.59 (1.37) a 4.43 (0.21) a*   4.12 (0.21) a*   4.03 (0.08) a* 
Jan–Jul average 5.40 (0.41) 4.35 (0.11)   4.05 (0.15)   4.17 (0.14) 
PNNM, mg kg-1 day-1         
Winter 1.44 (0.23) b 3.01 (0.33) a*  15.92 (3.25) a 4.13 (0.93) a*  7.77 (2.99) a 6.91 (1.65) a 
Vernal transition 2.32 (0.44) b 4.85 (1.06) a*   5.04 (1.27) a   7.89 (2.06) a 
Spring–summer 4.30 (0.94) a 2.76 (0.73) a  3.47 (0.71) b 3.16 (0.63) a  6.73 (2.20) a 8.62 (1.54) a 
Jan–Jul average 2.39 (0.33) 3.24 (0.32)  9.69 (3.16) 4.27 (0.63) *  7.14 (1.55) 7.52 (1.06) 
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Temporal patterns in CON soils  
In 2015, NH4+-N concentrations declined ~50% from the first sampling date in winter until 
snowmelt in mid-April (Figure 2.3a). NH4+-N increased post-melt during the vernal transition, and 
values in May (spring–summer) were ~2X the values measured at the start of the vernal transition. 
In 2016, soil NH4+-N concentrations were ~3.0–5.0 mg kg-1 during winter, and these values 
declined when snow was absent during the mid-winter thaw and final snowmelt in March 2016. 
As in 2015, the 2016 NH4+-N concentrations increased during the vernal transition, and values in 
May were ~4X the values measured post-snowmelt. Overall, there were no significant seasonal 
differences in NH4+-N concentrations in 2015 (Table 2.4; F2,37 = 0.19, p = 0.8259), but in 2016, 
spring–summer concentrations were greater than winter concentrations (Table 2.4; t48 = 3.47, p = 
0.0011). Despite lower winter concentrations of NH4+-N in 2016 compared to 2015 (Table 2.4; 
t42.78 = –4.20, p = 0.0001), spring–summer concentrations did not differ between the two years 
(Table 2.4; t11.78 = 0.23, p = 0.8231).  
WEOC concentrations fluctuated between sampling dates (Figure 2.3b), but there were no 
significant seasonal differences in either year (Table 2.4; 2015: F2,37 = 2.64, p = 0.0847; 2016: 
F2,48 = 0.43, p = 0.6502). In 2015, WEOC concentrations were highest in mid-winter, and declined 
~74% by the end of winter. WEOC concentrations increased post-melt during the vernal transition, 
but fluctuated between sampling dates. In 2016, WEOC concentrations were ~300–340 mg kg-1 
under the snowpack, but declined ~20-25% when snow was absent during the mid-winter thaw 
and final snowmelt. Despite significant differences in winter concentrations between the two years 
(Table 2.4; t29.51 = –2.67, p = 0.0123), spring–summer concentrations did not differ between the 
two years (Table 2.4; t17.22 = –1.60, p = 0.1269).  
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SUVA254 increased from 4.0 to 6.6 L mg-1 m-1 under the snowpack in 2015, and declined to as low 
as 2.6 L mg-1 m-1 during the vernal transition (Figure 2.3c). Post-melt values fluctuated between 
sampling dates, but reached a high of 11.1 L mg-1 m-1 in May (spring–summer). Although similar 
patterns were seen in 2016, the differences between high and low values were not as great. In 2016, 
SUVA254 increased from 4.0 to 5.2 L mg-1 m-1 under the snowpack and declined to 3.1 L mg-1 m-
1 during the mid-winter thaw (March 2016). Post-melt, SUVA254 showed alternating increases and 
declines.  
PNNM rates in 2015 were highest in spring–summer, but did not differ significantly 
between seasons in 2016 (Table 2.4; F2,48 = 2.66, p = 0.0801). PNNM rates increased ~2X post-
melt in both years, from 1.5 to 3.2 mg kg-1 day-1 in 2015, and from 2.0 to 4.6 mg kg-1 day-1 in 2016 
(Figure 2.3d). 
 
 
Figure 2.3. Time-series plots for CON (coniferous) soils. (a) ammonium (NH4+-N) concentrations; 
(b) water-extractable organic C (WEOC) concentrations; (c) specific ultra-violet absorbance 
(SUVA254); and (d) potential net N mineralization (PNNM). Circular markers (black) represent 
data for 2015. Rhomboid markers (gray) represent data for 2016. Open markers represent sampling 
dates when snow was present. Closed markers represent sampling dates with no snow on the 
ground. Error bars are standard errors. X-axis labels represent months from January to July. The 
gray box below the X-axis of (d) represents the three seasonal time-periods discussed in this paper: 
winter (W), vernal transition (VT), and spring–summer (SS). 
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Temporal patterns in DEC soils 
In DEC soils in 2015, winter NH4+-N concentrations were highest in winter (32.8 mg kg-1) 
and declined during snowmelt, with winter concentrations ~3X the values reported during the 
vernal transition and spring–summer (Figure 2.4a; Table 2.4). In DEC soils in 2016, NH4+-N 
concentrations were ~5.0–11.0 mg kg-1 in winter, and declined from 11.0 to 4.0 mg kg-1 during the 
vernal transition. WEOC and SUVA254 data from 2015 for DEC and DEC+N are not presented 
because of instrumental calibration concerns for those analyses. WEOC concentrations were 
~145–175 mg kg-1 across all sampling dates in 2016, and showed no seasonal differences (Figure 
2.4b; Table 2.4; F2,15 = 0.14, p = 0.8706). SUVA254 was ~3.3–4.1 L mg-1 m-1 across sampling dates 
in 2016, with lowest values (3.3 L mg-1 m-1) in May (Figure 2.4c). PNNM rates in 2015 were 
higher in winter than in spring–summer (Table 2.4; t3.49 = –4.83, p = 0.0119). PNNM values did 
not differ between seasons in 2016 (F2,15 = 0.34, p = 0.7141), although PNNM was lowest under 
the snowpack (1.3 mg kg-1 day-1), and increased ~5X post-snowmelt (Figure 2.4d). 
 
Figure 2.4. Time-series plots for DEC (deciduous) soils. (a) ammonium (NH4+-N) concentrations; 
(b) water-extractable organic C (WEOC) concentrations; (c) specific ultra-violet absorbance 
(SUVA254); and (d) potential net N mineralization (PNNM). Circular markers (black) represent 
data for 2015. Rhomboid markers (gray) represent data for 2016. Open markers represent sampling 
dates when snow was present. Closed markers represent sampling dates with no snow on the 
ground. Error bars are standard errors. X-axis labels represent months from January to July. The 
gray box below the X-axis of (d) represents the three seasonal time-periods discussed in this paper: 
winter (W), vernal transition (VT), and spring–summer (SS). 
 22 
  
 23 
Temporal patterns in DEC+N soils 
NH4+-N concentrations in 2015 increased ~twofold under the snowpack, peaking at ~140 
mg kg-1 at the onset of the vernal transition in April, then declining to ~80 mg kg-1 in spring–
summer (Figure 2.5a). In 2016, NH4+-N concentrations were lowest (~11 mg kg-1) under the 
snowpack and increased ~12X post-melt in March. Thereafter, NH4+-N concentrations generally 
declined over time, to ~29 mg kg-1 in July.  
WEOC concentrations showed no seasonal differences in 2016 (Table 2.4; F2,14 = 1.78, p 
= 0.2043), and were ~95–145 mg kg-1 across all sampling dates, except for early-March, when 
WEOC concentrations were ~233 mg kg-1 (Figure 2.5b). SUVA254 was ~3.5–5.0 L mg-1 m-1 across 
all sampling dates, but showed slight decreases in March and May 2016 (Figure 2.5c). 
PNNM rates did not differ between winter and spring–summer sampling dates in 2015 
(Table 2.4; t2.34 = –0.32, p = 0.7737). In 2016, PNNM did not differ between seasons (F2,15 = 0.39, 
p = 0.6869), although PNNM values were lowest under the snowpack (3.0 mg kg-1 day-1) and 
increased ~3X post-melt (Figure 2.5d).  
 
Figure 2.5. Time-series plots for DEC+N (deciduous, N-enriched) soils. (a) ammonium (NH4+-N) 
concentrations; (b) water-extractable organic C (WEOC) concentrations; (c) specific ultra-violet 
absorbance (SUVA254); and (d) potential net N mineralization (PNNM). Circular markers (black) 
represent data for 2015. Rhomboid markers (gray) represent data for 2016. Open markers represent 
sampling dates when snow was present. Closed markers represent sampling dates with no snow 
on the ground. Error bars are standard errors. X-axis labels represent months from January to July. 
The gray box below the X-axis of (d) represents the three seasonal time-periods discussed in this 
paper: winter (W), vernal transition (VT), and spring–summer (SS). 
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DISCUSSION 
The contrasting meteorological conditions between the two years of this study (Figure 2.2; 
Table 2.2) exemplify the inter-annual variability that is becoming more frequent in our changing 
climate (Salinger 2005; Walsh et al. 2014). The warmer year, 2016, had a longer vernal transition 
compared to 2015 at both sites, and this is consistent with other reports of shorter winters and 
longer seasonal transition periods under warming conditions (Groffman et al. 2012; Contosta et al. 
2016; Musselman et al. 2017).  
Effect of snow cover and snowmelt 
Our results demonstrate that the depth and duration of snowpack are important drivers of 
soil nutrient availability, and that the timing of snowmelt influenced the temporal patterns for the 
soil properties we measured. The thaw periods — spring snowmelt in 2015; mid-winter thaw and 
final snowmelt in 2016 — acted as transition periods, since NH4+-N and WEOC concentrations, 
SUVA254, and PNNM underwent changes during or after these events. Some patterns were 
common across both years and all three soil types: 
(a) Thaw periods were generally marked by declines in SUVA254, indicating greater input of labile 
material in the WEOC pool. This was likely due to inputs of cellular C during the microbial die-
off and community turnover occurring during snowmelt (McKnight et al. 2001; Brooks et al. 2005; 
Schmidt et al. 2007). 
(b) There was a general pattern of increased PNNM rates during or after thaw periods, likely 
because increased temperature stimulated microbial activity during these periods (Knoepp and 
Swank 2002). 
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(c) Despite inter-annual differences in winter concentrations of WEOC and NH4+-N, spring–
summer concentrations did not differ between the two years, suggesting that snow dynamics 
during the winter may not significantly alter nutrient transformations in the growing season. This 
is consistent with other studies that reported no legacy effects of snowpack dynamics on growing 
season ecosystem function, on a short time scale (Kreyling et al. 2013; Conner et al. 2017). 
Effect of forest type: CON vs. DEC soils 
The higher TC and WEOC concentrations in CON soils were consistent with our 
expectation of higher soil organic matter (SOM) accumulation in coniferous compared to 
deciduous stands due to slower litter turnover in these soils (Vesterdal et al. 2008; Ross et al. 2011; 
Berg and McClaugherty 2014). Both CON and DEC soils showed evidence of active winter 
microbial communities under snowpack in 2015, but with different outcomes. In CON soils, 
declining WEOC and NH4+-N concentrations indicated that soil organic matter (SOM) breakdown 
under snowpack resulted in net N immobilization. In contrast, higher NH4+-N in DEC soils during 
the winter of 2015 indicated that net N mineralization occurred under the deep snowpack. This 
difference in subnivean inorganic N flux may be due to the relatively N-limited nature of 
coniferous soils associated with the higher C:N ratio of coniferous litter. Also, unlike deciduous 
trees, coniferous trees may stay active during the winter months (Schaberg 2000; Öquist and Huner 
2003) and may therefore continue to take up microbially mineralized N, possibly also contributing 
to the declining soil NH4+-N concentrations over winter. The shallow and discontinuous snowpack 
in 2016 disrupted winter soil processes in both soil types, likely due to re-coupling of air and soil 
temperatures in the absence of an insulating snowpack. In CON soils, declines of NH4+-N and 
WEOC were only observed during thaw periods (February–April), when warmer conditions 
stimulated microbial activity (i.e., SOM decomposition and N immobilization). Tatariw (2016) 
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reported increased heterotrophic respiration following snowmelt in 2015, and this supports our 
hypothesis of increased microbial activity during this period. 
Effect of N-enrichment: DEC vs. DEC+N soils 
Neither TC nor TN was affected by chronic N-enrichment at BBWM, but concentrations 
of labile inorganic N (which make up less than 0.5 % of the total N; Table 2.3) were greater in 
DEC+N soils, consistent with the effects of long-term N-enrichment reported at BBWM and at 
other ecosystem manipulation sites (Jefts et al. 2004; Gilliam et al. 2005; McNulty et al. 2005; 
Corre et al. 2007). The increase in NH4+-N was especially evident during melt periods. Research 
at BBWM has found that summer and fall NH4+-N concentrations in DEC+N soils were 4–5X 
greater than concentrations in DEC (Salvino 2014; Patel, unpublished data 2015); whereas this 
study demonstrates that during snowmelt periods, NH4+-N concentrations in DEC+N soils were 
~10–14X greater than in DEC soils. This flush of NH4+-N during snowmelt in DEC+N occurred 
concomitantly with increased WEOC and decreased SUVA254, suggesting that this could have 
been due to the microbial lysis that occurs during spring turnover (Schmidt and Lipson 2004). We 
hypothesize that the difference in soil NH4+-N response between the adjacent reference and N-
amended sites during snowmelt reflects differences in microbial community composition. 
Specifically, fatty acid-based microbial community analysis showed that long-term N-enrichment 
at BBWM has decreased fungal biomass relative to bacterial biomass (Tatariw 2016), potentially 
resulting in a microbial community that is structurally less cold-resistant (Pietikäinen et al. 2005). 
Additionally, snow can be a source of N during melt periods (Bowman 1992), and it is possible 
that the NH4+-N in the melting snow contributed to the increased NH4+-N concentrations seen 
during or after snowmelt. However, (a) soil NH4+-N increased significantly during snowmelt only 
in DEC+N soils; (b) even in DEC+N soils, NH4+-N concentrations did not consistently increase 
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during all melt periods; and (c) the decrease in snow N content was less than the increase in soil 
N content (Appendix A, Table A1). Thus, if snow was a source of N for soil, it is unclear why this 
occurred only in DEC+N soils. Furthermore, points (b) and (c) indicate that snow inputs could not 
account for all of the increased soil NH4+-N, indicating that microbial cell lysis contributed at least 
partially to this NH4+-N increase, as discussed above. While additional work is necessary to 
confirm this hypothesis, it points to an intriguing interaction between chronic N enrichment and 
spring-time nutrient turnover. Studies conducted at BBWM and elsewhere in this region suggest 
that winter processes (including subnivean N mineralization and microbial cell lysis during 
snowmelt) contribute to the flush of inorganic N seen in streams following snowmelt (Mitchell et 
al. 1996; Casson et al. 2014). Our results complement their findings, linking nutrient availability 
downstream with processes occurring in the soil. 
CONCLUSIONS 
This study adds to the growing body of literature focusing on winter ecosystem function in 
a changing climate. The two study years provided a unique contrast of winter conditions, and 
differences in snowpack depth and duration altered the timing of biogeochemical processes. The 
nutrient flush typically associated with the vernal transition occurred during late-winter (February–
March) in a low-snow year (2016), as compared to April in a snowy year (2015). Our results also 
indicate that subnivean N transformations may differ between vegetation types, with coniferous 
soils exhibiting greater net N immobilization, and deciduous soils exhibiting greater N 
mineralization under the snowpack. The spring-time flush of nutrients was seen in deciduous, but 
not in coniferous soils, suggesting that microbial cell lysis may have a greater contribution to post-
melt NH4+-N availability in deciduous soils. This is one of the few studies examining subnivean 
and post-snowmelt soil processes under chronic experimental N enrichment, and our results 
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suggest that microbial lysis and spring-time N inputs are likely proportional to overall N status in 
these forests.  
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CHAPTER 3 
SOIL C AND N RESPONSES TO SNOW REMOVAL AND CONCRETE FROST  
IN A NORTHERN CONIFEROUS FOREST 
Citation: Patel K.F., Tatariw C., MacRae J.D., Ohno T., Nelson S.J. & Fernandez I.J. 2018. Soil 
carbon and nitrogen responses to snow removal and concrete frost in a northern coniferous 
forest. Canadian Journal of Soil Science 98: 436–447. doi: 10.1139/cjss-2017-0132. 
ABSTRACT 
Climate change in northeastern North America is resulting in warmer winters with reduced 
snow accumulation. Soils under a thin snowpack are more likely to experience freeze-thaw cycles, 
disrupting carbon (C) and nitrogen (N) transformations. We conducted a two-year snow removal 
experiment in Maine to study the effects of soil freezing on soil C and N processes. O horizon soils 
were sampled during winter and spring of 2015 and 2016, and were analyzed for labile inorganic 
N and water extractable organic carbon (WEOC) concentrations, specific ultraviolet absorbance 
(SUVA254), and potential net N mineralization (PNNM). 2015 was a cold, snowy winter, while 
2016 was warm with a shallow, short-term snowpack. Snow removal caused the soils to freeze, 
but winter rain-on-soil events in 2015 resulted in the formation of concrete frost, as opposed to 
granular frost in 2016. Concrete frost increased soil ammonium (NH4+-N) and WEOC 
concentrations, and decreased SUVA254, which we attribute to microbial cell lysis. In contrast, 
granular frost did not affect soil nutrient concentrations, reflecting limited microbial distress. Our 
study demonstrates that moisture content influences the intensity of soil freezing, highlighting the 
importance of snowpack depth and winter rain events in regulating winter and spring 
biogeochemical processes and nutrient availability.  
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mineralization (PNNM); specific ultraviolet absorbance (SUVA); water extractable organic 
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INTRODUCTION 
One of the major impacts of global climate change is the disruption of winter ecosystem 
processes in regions with a seasonal snow cover. Consistent with global and national trends, 
northeastern North America (i.e. northeastern United States and eastern Canada) is experiencing 
warming climate, with winters warming faster (1.2 °C/decade) than summers (0.7 °C/decade) 
(Hayhoe et al. 2007; Walsh et al. 2014). An important consequence of winter warming is decreased 
snowfall with a greater proportion of winter precipitation occurring as rain (Huntington et al. 2004; 
Crossman et al. 2016). There has also been a significant decline in the duration of winter, the 
number of snow-covered days, and the timing of snowmelt (Hodgkins and Dudley 2006; 
Burakowski et al. 2008; Rustad et al. 2012; Hamburg et al. 2013). These projected changes in 
winter dynamics will likely have significant effects on soil biogeochemical processes, which 
extend beyond the snowmelt period. 
Both depth and duration of the snowpack influence soil temperature, a key driver of soil 
microbial processes (Decker et al. 2003; Campbell et al. 2005; Blankinship and Hart 2012; Shibata 
et al. 2013; Tatariw et al. 2017). The low thermal conductivity of snow causes decoupling of air 
and soil temperatures, maintaining the subnivean soil around 0 °C during winter (Groffman et al. 
2012; Pauli et al. 2013). Heterotrophic activity, including carbon (C) and nitrogen (N) 
mineralization, therefore continues in subnivean soils (Campbell et al. 2005; Brooks et al. 2011), 
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with microbial biomass and activity peaking just before snowmelt (Lipson et al. 1999; Schmidt 
and Lipson 2004). Additionally, microbes under the snowpack immobilize N over the winter, 
which becomes available to plants following microbial turnover during spring snowmelt (Schmidt 
and Lipson 2004). A thin, discontinuous snowpack increases the likelihood of soil frost and freeze-
thaw cycles, disrupting these winter nutrient transformations by contributing to microbial mortality 
and cell lysis (DeLuca et al. 1992; Herrmann and Witter 2002; Dörsch et al. 2004), root mortality 
and reduced nutrient uptake (Tierney et al. 2001; Kreyling et al. 2012; Campbell et al. 2014b), and 
physical disruption of soil aggregates (Steinweg et al. 2008). As a result, soil frost and freeze-thaw 
cycles have been found to increase both gaseous (Blankinship and Hart 2012) and solute 
(Groffman et al. 2011; Fuss et al. 2016) fluxes of C and N in the winter, with these effects persisting 
through the growing season in some studies (e.g. Fitzhugh et al. 2001).  
Most snow manipulation experiments in northeastern North America have been conducted 
in hardwood stands (e.g. Boutin and Robitaille 1995; Fitzhugh et al. 2001; Groffman et al. 2001, 
2011; Campbell et al. 2014b; Reinmann and Templer 2016; Sorensen et al. 2016), while similar 
studies in coniferous forests have mostly been conducted in Europe (Sulkava and Huhta 2003; 
Hentschel et al. 2008, 2009; Öquist and Laudon 2008; Haei et al. 2012). Conifers account for 
approximately 50% of total forest cover in eastern Canada (Canada’s National Forest Inventory 
2013) and approximately 16% of total forest cover in the northeastern United States (Oswalt et al. 
2018) — more dominant in some regions like Maine where 33% of the forest cover is coniferous 
(Huff and McWilliams 2016). Given the significant coniferous forest cover in the region, it is 
important to study how these forests respond to soil frost. Canopy differences between forest types 
are responsible for differences in snow accumulation, snowpack persistence, and timing of 
snowmelt (Varhola et al. 2010; Penn et al. 2012; Nelson et al. 2013). Forest composition 
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(hardwood vs. conifer) also greatly influences soil chemistry and nutrient cycling (Campbell et al. 
2000; Jefts et al. 2004b), and even within the northern hardwoods, studies have demonstrated 
variable, species-specific responses to snow manipulations (Fitzhugh et al. 2001; Neilsen et al. 
2001; Cleavitt et al. 2008). These inconsistencies further highlight the need for studies in 
coniferous forests, to determine how these forests respond to changing winters. 
 The objective of this study was to determine the effects of reduced snowpack on soil C 
and N processes in a temperate coniferous forest. We conducted a two-year snow removal 
experiment to track temporal changes in C and N dynamics in surface organic soils, and to answer 
the following questions: (1) How does increased soil freezing following snowpack removal alter 
soil C and N availability in the winter? and (2) Do potential alterations in soil C and N availability 
persist into the growing season?  
METHODS 
Site description 
This study was conducted at the University of Maine’s Dwight B. DeMerritt Forest 
(44°56'N, 68°40'W) in Old Town, located in Maine’s southern interior climate division (Briggs 
and Lemin 1992). Average annual air temperature (2005-2014) at the site is 6.4 °C and annual 
precipitation is 1,184 mm; average winter (December-January-February, DJF) air temperature and 
precipitation are -6.8 °C and 272 mm, respectively (Station GHCND: USW00094644; Menne et 
al. 2012a, b). Vegetation at the site is dominated by Pinus strobus (eastern white pine), Tsuga 
canadensis (eastern hemlock), and Picea rubens (red spruce). The understory vegetation mostly 
consisted of Pinus strobus and Picea rubens saplings, Maianthemum canadense (Canada 
mayflower), Gaultheria procumbens (wintergreen), and ferns. Soils are acidic (pH-CaCl2 = 3.2) 
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well-drained, coarse-loamy, isotic frigid Typic Haplorthods (Bangor series; Rourke and Bangs 
1974), with O horizons 1-5 cm thick.  
Experimental design 
Four reference (REF) and four treatment (snow removal, TRT) plots were established in 
December 2014 within an area approximately 60 m x 50 m. The plots were arranged as four parallel 
pairs, each pair consisting of one REF and one TRT plot (Figure 3.1). In 2015, each of the eight 
plots measured 5 x 10 m. Later in 2015, resources became available to extend the study for an 
additional year, and therefore additional adjacent areas measuring 5 x 20 m were established in 
2016 as extensions of the original plots. The expansion plots were 2X the size of the original plots 
to allow for more frequent sample collections in 2016. Snow removal took place in both areas of 
the plots in 2016, effectively having areas that had undergone one year (“1-year”), while others 
had undergone two years (“2-year”) of snow removal. An internal buffer of 1 m was maintained 
within the perimeter of each plot to prevent edge effects. Soils were not sampled within the buffer. 
Understory vegetation was left undisturbed when establishing the plots, but was not dense or tall 
enough to interfere with the shoveling process.  
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Figure 3.1 Schematic layout of the experimental plots 
 
 
The snow removal treatment was initiated after a continuous snowpack developed, which 
occurred in January of both study years. Snow was manually removed by shoveling within 48 
hours after every snow event with an accumulation of 5 cm or more. While shoveling, a protective 
layer of snow ~2 cm thick was left on the ground to minimize physical disruption of soil and litter, 
and to maintain surface albedo. Given the differences in duration of snowpack in 2015 and 2016 
(Table 3.1), there was a notable difference in the period of time that the snow removal treatment 
needed to be implemented. Snow was shoveled eight times in 2015, and only three times in 2016. 
Soil temperature was recorded using Thermochron® iButtons (Maxim Integrated, San 
Jose, California, USA) buried in the soil, 3-5 cm from the surface. Daily air temperature records 
were obtained from the local NOAA weather station located 2.4 km from our site (GHCND: 
USW00094644; Menne et al. 2012a, b).  
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Table 3.1. Temperature and snowpack characteristics for 2015 and 2016. DJF = December-
January-February; MAM = March-April-May 
 
 
Soil and snow sampling  
Surface organic soils (combined Oa and Oe horizon) were sampled using 10 x 10 cm 
frames over the course of twenty-two collections, from January to June of 2015 and 2016. Soils 
were sampled from the “1-year treatment” during each collection in 2016. On two sampling days 
in 2016 (13 April and 8 June), additional soils were sampled from the “2-year treatment” plots as 
an initial indication of possible cumulative effects after two consecutive winters of snow removal. 
These dates occurred during the vernal transition1 and spring, respectively, and were chosen with 
the intention of studying soil function at two distinct time points post-melt in the second study 
year. When frozen, soils were collected using chisel and hammer; unfrozen soils were collected 
using soil knife and trowel. One sample was taken from each plot on each sampling date (n = 4 for 
each treatment), except for two dates in 2016 (13 April and 8 June). On these two dates, five 
replicates were taken from each plot as part of our quality control procedures. The five replicates 
were averaged to a single value per plot to maintain n = 4 across all sampling dates for statistical 
analysis. When snowpack was present, snow cores were taken across the entire depth of the 
                                                 
1 seasonal transition from winter to spring, characterized by snowmelt and increasing air and soil temperatures 
(sensu Groffman et al. 2012; Contosta et al. 2016) 
 2015 2016 
DJF average air temperature -9.2 °C -3.0 °C 
MAM average air temperature 4.2 °C 5.4 °C 
Jan-Apr maximum snow water equivalent 13.1 cm 3.3 cm 
Maximum snow depth 55 cm 16 cm 
Last date of continuous snowpack  Apr-15 Feb-20 
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snowpack in REF plots using a polyurethane tube (5 cm diameter), stopping just above the soil 
surface. Frozen soil was thawed overnight in the laboratory at 4 °C before processing. 
Laboratory processing and analysis 
Snow and soil processing 
The weight and volume of snow samples were used to calculate the water content of the 
snowpack (i.e. snow water equivalent, SWE). Field-moist soil samples were sieved through 6 mm 
screens and homogenized before analysis. Gravimetric moisture content was determined by drying 
subsamples at 65 °C for 24 hours.  
Soil available nutrients 
Soil inorganic N (ammonium, NH4+ and nitrate, NO3-) was extracted using 2M KCl 
(soil:extractant ratio 1:10), shaken for 30 minutes and filtered through Whatman® 42 filter paper. 
Inorganic N was determined colorimetrically on an Alpkem A/E Ion Analyzer (OI Analytics) at 
the Maine Agricultural and Forest Experiment Station (MAFES) Analytical Laboratory. Organic 
C was extracted using deionized water (soil:extractant ratio 1:10), and hand-shaken before 
centrifuging and filtration through Nuclepore™ 0.4 µm polycarbonate membranes (procedure 
modified from Hunt and Ohno 2007). WEOC concentration was measured on a Shimadzu TOC-
5000 or TOC-L total organic carbon analyzer. WEOC absorbance was measured on a Shimadzu 
UV-1800 Spectrophotometer. Specific ultraviolet absorbance (SUVA) was calculated from the 
absorbance at 254 nm (Weishaar et al. 2003). SUVA has been correlated with aromaticity and is 
considered an indicator of WEOC quality, with higher values indicative of increased microbial 
utilization of organic C (Kalbitz et al. 2003).  
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Potential net N mineralization (PNNM) 
PNNM was determined by incubating soils in polystyrene cups in the dark at 25 °C for 14 
days and measuring extractable inorganic N pre- and post-incubation (Hart et al. 1994). Inorganic 
N was extracted pre- and post-incubation using 2M KCl (soil:extractant ratio 1:10) for 48 hours, 
and filtered and analyzed as described above. PNNM was calculated as the difference between 
post- and pre-incubation inorganic N concentrations. 
Total nutrient concentrations 
Total C (TC) and total N (TN) were determined on two dates for each year. These dates 
were 8 April (during snowmelt) and 3 June (spring) in 2015, and 13 April (vernal transition) and 
8 June (spring) in 2016. Air-dried soils were ground to 2 mm using a Wiley Mill, and TC and TN 
were determined as percentage values by dry-combustion (Sollins et al. 1999) on a LECO TruMac 
CN analyzer (MAFES Analytical Laboratory).  
Statistical/ data analysis 
All data were square root-transformed prior to analysis, as these transformations provided 
the best fit toward a normal distribution with homoscedastic residuals. Linear mixed-effect models 
(LME) were used to examine treatment effects on NH4+-N, WEOC, PNNM, SUVA254 for each 
year. LME was performed only for soils subjected to one year of shoveling (i.e. the original plots 
in 2015, and the “1-year treatment” extension plots in 2016). Treatment, date, and their interaction 
were used as fixed factors, and plot number was used as a random factor. Tukey’s Honest 
Significant Difference (HSD) post-hoc test was used to determine significant differences in main 
effects. When an interaction was significant for non-significant main effects, one-way analysis of 
variance (ANOVA) was performed on individual sampling days to determine the effect of 
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treatment. An additional ANOVA was performed on data from April 13 and June 8, 2016 to test 
for significant differences between treatment levels (1-year and 2-year snow removal). Statistical 
significance was determined at α = 0.05. The results from the mixed-effects models and ANOVA 
can be found in the Supplementary Material. All statistical analyses were conducted using JMP®, 
Version 13. 
RESULTS 
Two contrasting winters 
The two study years were characterized by contrasting winters (Figure 3.2, Table 3.1), with 
2015 being a long, snowy and cold winter, and 2016 being an unusually warm winter with a short 
snowpack duration and low total snow accumulation. The average winter (DJF) air temperature in 
2015 was 2.4 °C lower than the 10-year average (2005-2014) at the site, while average winter air 
temperature in 2016 was 3.8 °C higher than the 10-year average. Maximum snow accumulation 
(measured as snow water equivalent, SWE) at the study site was 4X higher in 2015 (13.1 cm) than 
in 2016 (3.3 cm). Snow accumulation for the region in 2015 was ~2X the 10-year average, while 
snow accumulation in 2016 was nearly 50% of the 10-year average (National Weather Service). 
The duration of snowpack also differed between the two years. In 2015, a continuous snowpack 
persisted into mid-April, whereas 2016 was dominated by a discontinuous snowpack that melted 
by the third week of February. 
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Figure 3.2 Time-series plot of average daily temperature (air and soil) and snowpack depth during the study. Arrows denote the start of 
snow removal treatment each year. 
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Soil temperature and concrete frost 
In both 2015 and 2016, snow removal in the TRT plots resulted in colder, frozen soils in 
winter compared to the REF plots; these soil temperature differences did not persist after the 
snowpack melted (Figure 3.2). The disparity in winter air temperature and precipitation patterns 
between the two study years resulted in different impacts on TRT plots during the two winters. In 
2015, TRT soils were continuously frozen in winter, with the exception of two “thaw-freeze” 
events in late March and early April. Precipitation during these thaw periods resulted in “rain-on-
soil” events in the TRT plots and “rain-on-snow” events in the REF plots. The subsequent freezing 
of relatively saturated soils in the TRT plots (REF 214% moisture, TRT 413% moisture; Figure 
3.3) resulted in formation of concrete frost (Tatariw et al. 2017). In contrast, the soils in 2016 
experienced ten thaw-freeze cycles (defined as the soils crossing 0 °C), but there was no concrete 
frost formation (i.e. they experienced granular frost), likely due to lower soil moisture at the time 
of freezing compared to 2015. 
Soil C and N dynamics 
In 2015, NH4+-N concentration was altered by the treatment (LME; P < 0.02), and 
treatment effects varied somewhat by collection date (LME; collection x treatment P = 0.07). In 
2016, NH4+-N varied by collection (LME; P < 0.01) and treatment (LME; P = 0.03), but their 
interaction was not significant (LME; P = 0.55). In 2015, TRT soils had significantly higher NH4+-
N than REF soils for the 27 March (ANOVA; F = 32.10; P < 0.01) and 8 April samples (ANOVA; 
F = 13.24; P = 0.01), when the TRT plots experienced concrete frost (Figure 3.4). In 2016, NH4+-
N concentration in the REF plots was significantly higher than in the TRT plots on 28 January 
(ANOVA; F = 10.91; P = 0.02) and 16 March (ANOVA; F = 18.12; P < 0.01). Soil extractable 
NO3--N concentrations were consistently below the detection limit (0.1 mg kg-1) for this study. 
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PNNM varied over time across both study years (LME; 2015 P < 0.01; 2016 P = 0.03), 
with rates increasing with air temperature and peaking in late spring during both 2015 and 2016 
(Figure 3.5). There was no effect of snow removal on PNNM in either year (LME; 2015 P = 0.26; 
2016 P = 0.76), although PNNM values were lower in the presence of concrete frost on April 8, 
2015 (ANOVA; F = 3.56; P = 0.11).  
 
 
 
Figure 3.3 Average soil gravimetric moisture. Values reported for reference (REF) plots, treatment 
(TRT) plots during periods when concrete frost (CF) was present, and during the other sampling 
dates when the soils did not experience concrete frost (no CF). Different letters denote statistically 
significant differences. Error bars represent standard error. 
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Figure 3.4 Time-series plot of extractable NH4+-N concentration in reference (REF) and snow 
removal (TRT) plots. Shaded background denotes the period when reference soils had a snowpack. 
Dotted box represents the period of concrete frost in TRT soils. Asterisks denote significant 
treatment effect. Error bars represent standard error. 
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Figure 3.5 Time-series plot of potential net N mineralization (PNNM) in REF and TRT plots. 
Shaded background denotes the period when reference soils had a snowpack. Dotted box 
represents the period of concrete frost in TRT soils. Asterisks denote significant treatment effect. 
Error bars represent standard error. 
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Figure 3.6 Time-series plots of (A) water extractable organic C (WEOC) concentration, (B) 
specific ultraviolet absorbance (SUVA254) in REF and TRT plots. Shaded background denotes the 
period when reference soils had a snowpack. Dotted box represents the period of concrete frost in 
TRT soils. Asterisks denote significant treatment effect. Error bars represent standard error. 
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The effect of treatment on soil WEOC concentrations varied by collection date in 2015 
(LME; collection x treatment P = 0.01), but did not differ by treatment (LME; P = 0.75) or by 
collection date (LME; P = 0.24) in 2016. In 2015, WEOC exhibited a similar temporal pattern to 
NH4+-N with higher WEOC concentrations in the TRT than the REF soils during the period of 
concrete frost on 27 March and 8 April 2015 (Tukey’s HSD P < 0.05; Figure 3.6A). However, 
temporal patterns in 2016 WEOC differed from NH4+-N, with higher WEOC concentrations 
occurring in TRT soils on 3 March and 8 June.  
SUVA254, an indicator of WEOC aromaticity, differed by treatment and collection day in 
2015 (LME; collection x treatment P < 0.01), but treatment effects were not seen in 2016 (LME; 
P = 0.59). REF plots had higher SUVA254 values than TRT plots during the period of concrete 
frost in 2015 — 27 March (ANOVA; F = 17.86; P < 0.01) and 8 April 2015 (ANOVA; F = 16.99; 
P < 0.01) (Figure 3.6B). After loss of snowpack in 2015, SUVA254 increased in REF and TRT 
plots.  
On 8 April 2015 (during the concrete frost), % TC and TN were significantly higher in the 
TRT plots (Table 3.2a), although the C:N ratio did not differ between treatments. No differences 
were seen between treatments on 3 June 2015 (Table 3.2a). The variables did not differ between 
treatments during the collections in 2016, except for % TC being higher in TRT plots on 13 April 
2016 (Table 3.2b).  
1- year vs. 2-year treatment effects 
To test if one year and two years of treatment altered soil C and N dynamics differently, 
we compared extractable NH4+-N, PNNM, WEOC, and SUVA254 between the 1- and 2-year TRT 
plots on 13 April and 8 June 2016 (Table 3.2b). There was no difference in any parameter between 
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the two snow removal levels, indicating that there was no cumulative effect of the snow removal 
treatment across the two-year study.  
 
Table 3.2. Soil properties analyzed during April and June collections of 2015. Values are reported 
as mean ± standard error. Different letters denote statistically significant values at the treatment 
level. 
 REF TRT 1 year TRT 2 years 
April 8, 2015    
NH4-N (mg kg-1) 5.86 ± 0.926b 16.52 ± 3.156a - 
PNNM (mg N kg-1 day-1) 1.465 ± 0.5a 0.316 ± 0.363a - 
WEOC (mg kg-1) 225.7 ± 36.82b 661.7 ± 83.55a - 
SUVA254 (L mg-1 m-1) 5.538 ± 0.544a 3.180 ± 0.265b - 
% total C 33.43 ± 1.527b 43.44 ± 1.223a - 
% total N 0.958 ± 0.052b 1.211 ± 0.058a - 
C:N  34.95 ± 0.4a 36.05 ± 1.517a - 
June 3, 2015     
NH4-N (mg kg-1) 6.48 ± 2.118a 6.095 ± 1.15a - 
PNNM (mg N kg-1 day-1) 3.338 ± 1.402a 1.261 ± 0.364a - 
WEOC (mg kg-1) 312.9 ± 17.77a 296.1 ± 62.45a - 
SUVA254 (L mg-1 m-1) 4.102 ± 0.033a 3.805 ± 0.281a - 
% total C 35.43 ± 0.925a 35.92 ± 2.072a - 
% total N 0.994 ± 0.055a 1.063 ± 0.087a - 
C:N  35.87 ± 1.571a 34.22 ± 2.252a - 
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Table 3.3. Soil properties analyzed during April and June collections of 2016. Values are reported 
as mean ± standard error. Different letters denote statistically significant values at the treatment 
level.  
 REF TRT 1-year TRT 2-years 
April 13, 2016    
NH4-N (mg kg-1) 4.28 ± 0.86a 3.72 ± 0.69a 5.15 ± 0.71a 
PNNM (mg N kg-1 day-1) 3.38 ± 0.37a 2.67 ± 0.81a 2.55 ± 0.30a 
WEOC (mg kg-1) 210 ± 30a 180 ± 20a 193 ± 17a 
SUVA254 (L mg-1 m-1) 4.56 ± 0.27a 5.17 ± 0.19a 5.22 ± 0.18a 
% total C 41.2 ± 3.05a 37.1 ± 3.76a 42.8 ± 1.71a 
% total N 1.15 ± 0.11a 1.05 ± 0.1a 1.25 ± 0.06a 
C:N  36 ± 0.9a 35.2 ± 1.17a 34.3 ± 1.06a 
June 8, 2016     
NH4-N (mg kg-1) 6.45 ± 0.61a 5.54 ± 0.20a 5.68 ± 0.64a 
PNNM (mg N kg-1 day-1) 3.17 ± 0.41a 3.91 ± 0.59a 2.77 ± 0.21a 
WEOC (mg kg-1) 227 ± 13b 377 ± 29a 354 ± 64a 
SUVA254 (L mg-1 m-1) 4.81 ± 0.13a 4.76 ± 0.24a 4.73 ± 0.18a 
% total C 36.9 ± 1.22b 41.4 ± 0.87a 41.8 ± 1.29a 
% total N 1.1 ± 0.04a 1.2 ± 0.02a 1.17 ± 0.05a 
C:N  33.8 ± 1.05a 34.5 ± 0.86a 35.7 ± 0.66a 
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DISCUSSION 
Our study shows that the response of forest soil biogeochemistry to snowpack loss is 
complex, with temperature effects strongly interacting with soil moisture. The two contrasting 
winters of this study were representative examples of the intensified inter-annual variability that 
is occurring with climate change (Salinger 2005; Hayhoe et al. 2007). Notably, the development 
of concrete frost during the first year of the study had more marked effects on soil biogeochemical 
processes than the formation of granular frost. Concrete frost forms when saturated soils are frozen 
(Pierce et al. 1958; Fahey and Lang 1975; Proulx and Stein 1997), and is usually found in deep 
mineral soil materials (Proulx and Stein 1997). However, we have shown that winter rain-on-soil 
events result in concrete frost in the surface horizons, disrupting winter biogeochemical processes 
more intensely than decreased soil temperature caused by snowpack loss alone. This has 
significant implications for seasonal nutrient cycling in northeastern North America, as projections 
of wetter winters and more frequent freeze-thaw cycles suggest increased occurrences of rain-on-
soil events, increasing the probability of concrete frost occurrence. The earlier snowmelt in 2016 
(Table 3.1) also indicates an earlier onset of the vernal transition compared to 2015, and this is 
consistent with studies that have demonstrated a lengthening vernal transition with warmer winters 
(Groffman et al. 2012; Contosta et al. 2016). These changes can impact the timing of soil 
biogeochemical processes, with significant ecological implications on C and N cycling during the 
growing season, as well as later in the year (Contosta et al. 2016). 
Biogeochemical effects of concrete frost 
We suggest that the higher soil NH4+-N and WEOC concentrations observed in TRT plots 
following concrete frost formation in 2015 was a result of microbial lysis as indicated indirectly 
by lower indices of microbial activity (SUVA254, PNNM) measured during this time period. While 
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reduced microbial activity and nutrient uptake could also contribute to increased soil C and N 
concentrations, measurements of winter soil respiration showed greater microbial activity in TRT 
than in REF plots (Tatariw 2016). Additionally, the lower SUVA254 values during this period 
suggest that more labile WEOC was introduced into the soil, likely due to release following 
microbial cell lysis (McKnight et al. 2001). We also observed lower microbial activity as measured 
by PNNM in the TRT plots from the second collection during the concrete frost (8 April 2015) 
concomitant with a three-fold increase in NH4+-N, suggesting that the soil dissolved inorganic N 
pool was derived from cell lysis rather than microbial mineralization of organic N. PNNM involves 
soil incubations at room temperature, representing an index of microbial community capacity to 
mineralize N under relatively ideal conditions. This is not intended to be a measure of actual rates 
of N mineralization that take place under field conditions. However, PNNM rates have been found 
to be strongly correlated with in situ mineralization rates (Jefts et al. 2004a), and therefore the 
lower PNNM rates in the TRT soils suggest some impairment of the microbial community in these 
soils. 
These findings are consistent with field and laboratory studies demonstrating that frost-
induced microbial damage was responsible for increases in nutrient concentrations and/or fluxes 
in soils. At the Bonanza Creek and the Toolik Lake LTER sites in Alaska, USA, Schimel and Clein 
(1996) reported that frost in forest soils resulted in increased inorganic N concentrations, as well 
as a burst of respiration, which they attributed to microbial cell lysis. In field (Austnes et al. 2008) 
and laboratory (Vestgarden and Austnes 2009) studies in Storgama, Norway, montane heathland 
soils subjected to frost had increased dissolved organic C (DOC) concentrations and decreased 
SUVA254 in leachate, indicating a predominance of labile, microbially-derived DOC. Using 
laboratory experiments, researchers at the Hubbard Brook Experimental Forest, USA (Campbell 
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et al. 2014a) and in the Krycklan catchment in Sweden (Haei et al. 2012) found that severe frost 
increased DOC concentrations and decreased SUVA254 in soil leachate of coniferous and 
deciduous forest soils. Herrmann and Witter (2002) used respiration measurements with 14C-
labelled glucose at the Ultuna Long-Term Soil Organic Matter Experiment in Sweden, and 
determined that freeze-thaw cycles caused microbial lysis in arable soils. Durán et al. (2013) also 
found that freeze-thaw cycles resulted in lower PNNM in urban grassland soils in New York, USA, 
and suggested a stressed microbial population. 
Biogeochemical effects of granular frost 
During periods of soil granular frost, TRT and REF soils did not show differences in 
nutrient availability or WEOC quality. This is consistent with other studies demonstrating that 
mild frost did not affect microbial activity in agricultural soils (Koponen et al. 2006), deciduous 
forest soils (Campbell et al. 2014a), and coniferous forest soils (Hentschel et al. 2009; Campbell 
et al. 2014a). In January 2016, TRT soils had significantly lower soil extractable NH4+-N 
compared to the REF plots, although there were no differences in WEOC, PNNM, or SUVA254. 
This suggests that temperature, rather than the mechanical disturbance of frost formation, was 
driving the changes in N mineralization, and that there is some degree of resiliency to mild 
fluctuations in temperature. 
Effect of forest type 
Findings from previous snow manipulations in deciduous forests have shown that 
increased root mortality and reduced uptake can also contribute to elevated WEOC and inorganic 
N concentrations following soil freezing (Groffman et al. 2001; Tierney et al. 2001; Campbell et 
al. 2014b). However, a one-time measurement of live fine root biomass collected during the 
concrete frost event (8 April 2015) showed no effect of treatment (Appendix B,) suggesting at that 
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point in time, microbial, rather than root processes were responsible for increased soil nutrients. 
Additionally, if frost damage resulted in root mortality, its effects would likely be seen in the 
growing season, with reduced uptake increasing soil C and N concentrations (Fitzhugh et al. 2001). 
The lack of treatment effect in the growing season further suggests that roots were not damaged 
by the frost in TRT soils. This is consistent with studies demonstrating that coniferous fine roots 
can tolerate temperatures as low as -25 °C (Bigras et al. 2001; Kreyling et al. 2015). Additionally, 
coniferous stands typically experience more frequent concrete frost formation than deciduous 
stands because of greater thermal conductivity and moisture retention of coniferous litter, as well 
as slower development of a snowpack under coniferous canopy (Pierce et al. 1958; Fahey and 
Lang 1975), so it is possible that coniferous roots are more resilient to thaw-freeze events. Unlike 
findings from previous snow manipulation studies in the region (e.g. Pilon, Côté, and Fyles 1994; 
Boutin and Robitaille 1995; Fitzhugh et al. 2001; Reinmann et al. 2012; Campbell et al. 2014b; 
Sorensen et al. 2016), we did not observe an effect of the snow removal treatment on NO3--N 
availability. Soils under conifers typically exhibit slower N cycling and lower rates of nitrification 
due to high C:N ratios and the lower quality of coniferous litter (Gosz and White 1986; Booth et 
al. 2005), and we conclude that low soil NO3--N concentrations are indicative of very low 
nitrification rates that were not impacted by snow removal. These differences highlight the 
importance of considering forest type when making predictions about climate change impacts.  
Transient effects of snow removal 
Despite significant differences between TRT and REF soils in soil nutrient availability and 
microbial activity during periods of frost (concrete and granular), these effects did not persist into 
the growing season after the vernal transition. We attribute this to spring turnover and succession 
of the microbial community, which is characterized by microbial cell lysis and a decline in the 
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microbial biomass (Schmidt et al. 2007). It is likely that this turnover occurred around 22 April in 
2015 and 8 March in 2016, as evidenced by the low SUVA254 values (Figure 3.5b).  
Similarly, we did not observe cumulative effects of snow removal over the two-year study 
period (Table 3.2b), but it is unclear if the system would be similarly resilient after multiple years 
of snow removal. While Li et al. (2016a,b) demonstrated that long-term (>3 years) snow 
manipulations had more significant effects on microbial processes, Kreyling et al. (2013) 
demonstrated that winter-time responses to soil frost (reduced cellulose decomposition, attributed 
to reduced microbial activity) were not seen in summer, even after nine years of snow removal in 
Sweden. We therefore hypothesize that soil processes were resistant to thaw-freeze events 
following snowpack loss, although more extensive work is necessary to confirm this conclusion, 
and to see how the forests respond to long-term snow removal. 
CONCLUSIONS 
Results from this study show that the type of frost plays an important role in the 
biogeochemical response to declining snowpack in forest soils. In contrast to granular frost, 
concrete frost likely resulted in more significant mechanical and biological disruption to the soil 
system with significantly higher NH4+-N and WEOC concentrations, likely due to microbial cell 
lysis. Although many of our findings mirrored those in deciduous forests, we found some key 
differences such as no root damage and lower nitrification rates in a coniferous forest that highlight 
the importance of considering forest type when assessing climate change impacts. While snow 
removal altered winter soil dynamics, there was no evidence for effects on soil nutrient dynamics 
post-melt, suggesting some ability of the microbial population to recover from the disturbance. 
The results of this study underscore the importance of further research to better understand the 
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dynamics of subnivean soil biogeochemical processes in a period of rapid change in winter 
characteristics for this region. 
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CHAPTER 4 
EVIDENCE THAT MICROBIAL CELL LYSIS INCREASES NUTRIENT 
AVAILABILITY DURING WINTER THAW–FREEZE EVENTS   
 
ABSTRACT 
Northeastern North America has been experiencing warmer winters with reduced snow 
accumulation, and mid-winter thaws are predicted to become more frequent in the future. 
Freezing and thawing events disrupt winter soil carbon and nitrogen cycling, with potential 
impacts on forest productivity. These disruptions have often been attributed to microbial 
mortality or plant root damage, but findings are inconsistent across studies, and vary by forest 
cover and frequency of freezing and thawing. Most winter studies in this region have focused on 
hardwood soils, and coniferous soils are relatively under-studied. We conducted a laboratory 
experiment to investigate how increased frequency of winter “thaw–freeze” cycles altered 
microbial function in frozen coniferous soils. Surface organic soils were collected, processed to 
exclude roots, and incubated at four treatment levels to simulate soil temperature conditions 
under a reduced snowpack. Treatment soils (TRT) were frozen in the laboratory (-10 °C) and 
subjected to one, two, or six thaw periods (5 °C), each lasting 24 hours. Control soils (CTRL) 
were kept thawed for the entire incubation. Soils were analyzed for extractable (labile) inorganic 
nitrogen and organic carbon, carbon dioxide flux (respiration), and microbial biomass carbon and 
nitrogen (MBC and MBN). By excluding roots, we were able to focus only on microbial 
response. Our findings suggest that soil thaw–freeze cycles induced microbial cell lysis, 
releasing labile nutrients into the soil, which in turn stimulated microbial respiration, evidenced 
by significantly greater respiration rates in TRT than CTRL soils post-incubation. Most of the 
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microbial lysis occurred during the first cycle, and subsequent cycles did not cause additional 
damage. Thus, our findings suggest that while winter thaws may damage the microbial 
community, this response is not cumulative with increasing frequency of thaw events. 
Keywords: thaw– freeze; microbial respiration; microbial biomass; nitrogen; carbon 
Abbreviations: thaw–freeze cycle (TFC); microbial biomass carbon (C), microbial biomass 
nitrogen (N), specific ultraviolet absorbance (SUVA), water extractable organic carbon (WEOC) 
STUDY 
Freezing and thawing of soils can disrupt winter biogeochemical processes in temperate 
and boreal forest systems (Matzner and Borken 2008; Song et al. 2017). A well developed and 
continuous snowpack insulates winter soil against freezing air temperatures, but winters in 
northeastern North America are becoming warmer and are experiencing less snow accumulation, 
increasing the occurrence of soil frost (Groffman et al. 2001; Hayhoe et al. 2007). Air 
temperature fluctuations also cause these frozen soils to experience “thaw–freeze” cycles 
(TFCs), i.e. mid-winter thaw events followed by a return to freezing conditions. Soil freezing and 
thawing have been found to cause microbial lysis, releasing cellular nutrients; this has been 
linked with increased soil C and N availability, and increased solute and gaseous fluxes (DeLuca 
et al. 1992; Herrmann and Witter 2002). However, effects of these stresses on the microbial 
community and nutrient dynamics are inconsistent, potentially due to vegetation influences 
(Koponen et al. 2006) or the intensity and frequency of freezing and thawing events (Matzner 
and Borken 2008; Elliott and Henry 2009; Song et al. 2017). Most snow manipulation and soil 
freezing studies in northeastern North America have been conducted in hardwood stands 
(Tierney et al. 2001; Groffman et al. 2011; Campbell et al. 2014), and coniferous stands have 
been relatively under-studied. Given the substantial coniferous cover in the region (Huff and 
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McWilliams 2016; Oswalt et al. 2018), it is essential to understand how these soils might 
respond to changes in winter dynamics.  
Here we report findings from a laboratory experiment examining the effects of thawing 
followed by freezing in coniferous soils. Soil samples were incubated at freezing temperatures 
and subjected to patterns of one or more thawing events to simulate TFCs. Roots were excluded 
from the soils, and soil microbial indices were measured, to specifically target the microbial 
response to thaw–freeze disturbance. The goal of this laboratory experiment was to determine (a) 
if thaw–freeze-induced increases in C and N availability were driven by microbial cell lysis, and 
(b) if the response differed for single vs. multiple thaw-freeze events.  
Soils used in this study were surface organic (O horizon) soils collected from the 
University of Maine’s Dwight B. DeMerritt Forest (44°56'N, 68°40'W). Average annual air 
temperature (2005–2014) at the site was 6.4 °C; average winter (December-January-February, 
DJF) air temperature was -6.8 °C (Station GHCND: USW00094644; (Menne et al. 2012a, b). 
Vegetation at the site was dominated by Pinus strobus (eastern white pine), Tsuga canadensis 
(eastern hemlock), and Picea rubens (red spruce). Soils were acidic (pH in 0.01M CaCl2 = 3.2) 
well-drained, coarse-loamy, isotic frigid Typic Haplorthods, with O horizons 1–5 cm thick.  
Surface organic (O horizon) soils were sampled in March 2017. Soils were sieved 
through 6 mm screens and homogenized to form one bulk sample in the laboratory. Coarse and 
fine roots were excluded from the samples while processing. Gravimetric moisture was 
determined by drying subsamples at 65 °C for 24 hours. The homogenized soil was split into 
twenty experimental units (five replicates in each treatment level, see below) and incubated in 
glass Mason jars in the dark for 6 weeks. The jars were left uncovered to allow for gas exchange 
and to prevent anoxic conditions during the incubation. 
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Soils were incubated at four treatment levels: (a) frozen, with one thaw–freeze event 
(TRT-1); (b) frozen with two thaw–freeze events (TRT-2); (c) frozen, with six thaw–freeze 
events (TRT-6); and (d) soils kept continuously thawed at 4 °C (control, CTRL). For the freezing 
periods of the incubation, soils were kept at approximately -10 ± SE 0.1 °C in a commercial 
freezer. For the thawing periods of the incubation, soils were kept at approximately 5 ± SE 0.1 
°C in a commercial refrigerator. These temperature values were chosen using data from a snow 
manipulation field study at the Dwight B. DeMerritt Forest (Tatariw et al. 2017) and the 
capabilities of available equipment. A “thaw-freeze” cycle (TFC) consisted of a thaw for 24 
hours, after which soils were returned to the freezer. At the end of the incubation, all soils were 
brought to 5 °C prior to extraction and analysis. Temperature was recorded using Thermochron® 
iButtons (Maxim Integrated, San Jose, California, USA) buried in the soil experimental units at 
approximately 3 cm depth. Figure 4.1 shows the temporal progression of a cumulative heat index 
for all four treatments, calculated as the sum of daily average soil temperatures. At the end of the 
experiment, the cumulative heat index was -392 °C in TRT-1, -381 °C in TRT-2, -335 °C in 
TRT-3, and +276 °C in CTRL soils.  
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Figure 4.1. Cumulative heat index for the four treatment levels. Cumulative heat index was 
calculated as the sum of daily average temperatures. Upward arrows represent when TFCs were 
induced in the treatments. All frozen samples were thawed at the end of the incubation, prior to 
analysis. 
 
Soils were analyzed for CO2 flux and extractable N and C at the start of the experiment 
(pre-incubation) and at the end (post-incubation), 24 hours after the final thaw began. 
Additionally, microbial biomass C and N (MBC and MBN, respectively) were extracted from 
post-incubation soils. Carbon dioxide (CO2) flux was determined by the static chamber method 
of Collier et al. (2014). The Mason jars were closed with lids fitted with rubber septa, and 15 mL 
gas samples were collected from the headspace every 20 minutes for one hour. The gas samples 
were stored in evacuated sealed vials (Exetainer®; Labco Limited, UK), and refrigerated until 
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analysis (maximum storage time of 48 hours). The gas samples were analyzed for CO2 
concentrations on a LI-COR LI-7000 gas analyzer. Soil inorganic N (ammonium, NH4+-N and 
nitrate, NO3--N) was extracted using 2M KCl (soil:extractant ratio 1:10), shaken for 30 minutes, 
and filtered through Whatman® 42 filter paper. Inorganic N concentration was determined 
colorimetrically on an Alpkem A/E Ion Analyzer (OI Analytics) at the Maine Agricultural and 
Forest Experiment Station (MAFES) Analytical Laboratory. Organic C was extracted using 
deionized water (soil:extractant ratio 1:10), and hand-shaken for one minute before centrifuging 
and filtration through Nuclepore™ 0.4 µm polycarbonate membranes (procedure modified from 
Hunt and Ohno 2007). WEOC concentration was measured on a Shimadzu TOC-L total organic 
carbon analyzer. WEOC absorbance was measured on a Shimadzu UV-1800 spectrophotometer, 
and specific ultraviolet absorbance (SUVA) was calculated from absorbance at 254 nm 
(Weishaar et al. 2003). SUVA has been correlated with aromaticity and is considered an 
indicator of WEOC quality, with higher values indicative of increased microbial utilization of 
organic C (Kalbitz et al. 2003). Microbial biomass C and N were extracted post-incubation by 
sequential extraction using the microwave method of Islam and Weil (1998). 4 g of soil was 
shaken with 75 mL 0.01N K2SO4 for one hour and filtered through Nuclepore™ 0.4 µm 
polycarbonate membranes, after which the spent soil was microwaved for 1 minute (at 400 
Joules/g of soil) and re-extracted with 75 mL 0.01N K2SO4. The post-microwave extracts were 
analyzed for WEOC and inorganic N as described above, and MBC and MBN were calculated 
using correction factors of 0.45 (Joergensen et al. 2011) and 0.54 (Brookes et al. 1985), 
respectively.  
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The data were not normally distributed, and were log-transformed prior to statistical 
analysis. One-way analysis of variance (ANOVA) was used to test for significant differences 
among treatment levels. Statistical significance was determined at α = 0.05. No difference was 
found among the three TRT levels (TRT-1, TRT-2, and TRT-6) (Table 4.1). Therefore, the three 
levels were analyzed as a single treatment (thaw–freeze, “TRT”) for comparison against CTRL. 
The results from these comparisons are included in Table 4.2. All statistical analyses were 
conducted using JMP®, Version 13 (SAS Institute Inc., Cary, NC, 1989-2007). 
 
Table 4.1. Means (± standard error) of variables measured for post-incubation thaw–freeze soils. 
For all variables, values were not significantly different among treatment levels (P > 0.05).  
 Thaw–freeze treatment levels 
 TRT-1 TRT-2 TRT-6 
NH4+-N, mg kg-1 147 ± 5 161 ± 7 165 ± 2 
WEOC, mg kg-1 311 ± 14 306 ± 2 343 ± 16 
SUVA254, L mg-1 m-1 4.0 ± 0.1 3.7 ± 0.1 3.9 ± 0.1 
CO2 flux, mg C g-1 hr-1 11 ± 1 10 ± 1 11 ± 1 
MBC, g kg-1 3.9 ± 0.4 3.2 ± 0.1 3.3 ± 0.3 
MBN, mg kg-1 61 ± 2 61 ± 5 60 ± 2 
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Table 4.2. Means (± standard error) of variables measured for pre-incubation and post-
incubation soils (TRT and CTRL). Asterisks represent significant differences between TRT and 
CTRL for post-incubation samples. Soil NO3--N concentrations were below the detection limit 
(0.1 mg kg-1) for all soils and are therefore not reported here. 
Parameter 
Pre-incubation Post-incubation 
 TRT CTRL 
NH4+-N, mg kg-1 43 ± 1 158 ± 4* 75 ± 1 
WEOC, mg kg-1 213 ± 11 320 ± 8 353 ± 8 
SUVA254, L mg-1 m-1 4.7 ± 0.1 3.9 ± 0.1* 5.0 ± 0.1 
CO2 flux, mg C g-1 hr-1 57 ± 7 10 ± 0* 8.4 ± 0.8 
MBC, g kg-1 - 3.5 ± 0.2* 5.0 ± 0.3 
MBN, mg kg-1 - 61 ± 2* 78 ± 11 
 
Post-incubation CO2 fluxes for both TRT and CTRL soils were lower than pre-incubation 
values (Table 4.2), although CO2 flux was greater in TRT than in CTRL soils (ANOVA: F (1,16) 
= 5.62, P = 0.03). Both NH4+-N and WEOC concentrations increased during the incubation (i.e. 
post-incubation > pre-incubation) and were significantly higher in TRT than in CTRL soils 
(NH4+-N ANOVA: F (1,18) = 337, P < 0.01; WEOC-ANOVA: F (1,18) = 5.20, P = 0.04). 
Compared to pre-incubation SUVA254 values, post-incubation values were lower in TRT soils, 
but higher in CTRL soils; these differences between TRT and CTRL post-incubation were 
significant (ANOVA: F (1,18) = 71, P < 0.01). MBN and MBC were lower in TRT than in 
CTRL soils (MBN-ANOVA: F (1,18) = 7.37, P = 0.01; MBC-ANOVA: F (1,18) = 15, P < 0.01). 
 
The reduced MBN and MBC values in TRT soils compared to CTRL are taken to be evidence of 
a compromised microbial community, suggesting cell lysis due to freezing. Consistent with this 
interpretation are the increased soil NH4+-N concentrations likely derived from microbial lysis 
and cellular release. The lower SUVA254 values in TRT soils compared to CTRL indicate that the 
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WEOC in TRT soils was more labile, further suggesting inputs from microbial cell lysis 
(McKnight et al. 2001). The increased nutrient availability in TRT soils stimulated microbial 
activity, as seen by the greater CO2 flux in these soils, despite lower microbial biomass. This is 
consistent with other studies reporting CO2 “pulses” following instances of soil frost (Skogland 
et al. 1988; Herrmann and Witter 2002; Koponen and Bååth 2016).  
This laboratory experiment follows a field study examining the effects of reduced 
snowpack and increased soil frost on soil C and N availability (Patel et al. 2018). Soil WEOC 
and extractable NH4+-N were found to increase in response to snow removal and concrete frost 
in the field. Our current study confirms these results under controlled laboratory conditions, but 
also provides evidence that these frost-induced changes in soil C and N were caused by 
microbial cell lysis. Our findings are consistent with other field (Austnes et al. 2008) and 
laboratory (Vestgarden and Austnes 2009; Campbell et al. 2014a) studies reporting that soil frost 
increased soil C and N availability, attributed to microbial cell lysis due to concomitant 
decreases in SUVA.  
Our findings, however, are in contrast to Reinmann et al. (2012), who reported that 
severe frost (-15 °C) reduced inorganic N leaching in maple-beech as well as spruce-fir soils in 
New Hampshire, USA. Campbell et al. (2014b) found that soil frost increased N leaching in 
maple-birch-beech soils and attributed this to plant root damage and reduced root N uptake. 
Since roots were removed from our samples during sieving, we can exclude root effects from our 
results, and conclude that the effects we observed were primarily due to microbial processes. In 
contrast to other studies conducted in northeastern North America (e.g. Fitzhugh et al. 2001; 
Campbell et al. 2014), soil extractable NO3--N concentrations in our study were below the 
detection limit (0.1 mg kg-1) and did not differ between TRT and CTRL, indicating that 
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nitrification, which is typically low in coniferous soils because of poor quality litter (Gosz and 
White 1986; Booth et al. 2005), was not significantly altered by the freezing disturbance.  
We expected that microbial cell lysis would increase with TFC frequency (i.e. TRT-1 < 
TRT-2 < TRT-6), and the lack of differences among the three TRT levels (Table 4.1) was 
surprising. Our data suggest that the first TFC caused the greatest damage to the microbial 
community, and that the surviving microbial population was resistant to further damage in 
subsequent cycles. This is in contrast with previous studies that reported more frequent TFCs 
increased soil C and N availability and leaching (Freppaz et al. 2007; Elliott and Henry 2009; 
Haei et al. 2012; Wipf et al. 2015), or reduced microbial activity (Schimel and Clein 1996). 
While the precise mechanism of microbial resistance is beyond the scope of our current study, 
our findings suggest that more frequent mid-winter thaws may not have as great of an impact as 
previously thought. 
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CHAPTER 5 
NITROGEN MINERALIZATION DURING THREE DECADES OF NITROGEN 
ENRICHMENT AT THE BEAR BROOK WATERSHED IN MAINE, USA 
Citation: Patel K.F. & Fernandez I.J. 2018. Nitrogen mineralization in O horizon soils during 27 
years of nitrogen enrichment at the Bear Brook Watershed in Maine. Envirnomental 
Monitoring and Assessment. 190: 563. doi: 10.1007/s10661-018-6945-3. 
ABSTRACT 
Chronic elevated nitrogen (N) deposition has altered the N status of temperate forests, with 
significant implications for ecosystem function. The Bear Brook Watershed in Maine (BBWM) is 
a whole paired watershed manipulation experiment established to study the effects of N and sulfur 
(S) deposition on ecosystem function. N was added bimonthly as (NH4)2SO4 to one watershed 
from 1989 to 2016, and research at the site has studied the evolution of ecosystem response to the 
treatment through time. Here, we synthesize results from three decades of research at the site and 
describe the temporal trend of N availability and N mineralization at BBWM in response to chronic 
N deposition. Our findings suggest that there was a delayed response in soil N dynamics, since 
labile soil N concentrations did not show increases in the treated watershed (West Bear, WB) 
compared to the reference watershed (East Bear, EB) until after the first four years of treatment. 
Labile N became increasingly available in WB over time, and after 25 years of manipulations, 
treated soils had 10X more extractable ammonium and 200X more extractable nitrate than the 
reference watershed soils. Nitrification fraction in WB soils increased through time, and in 2015, 
net nitrification accounted for ~50% of net N mineralization, compared to ~5% in EB soils. The 
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study provides evidence of the decadal evolution in soil function at BBWM and illustrates the 
importance of long-term data to capture ecosystem response to chronic disturbance.  
Keywords: nitrogen saturation; ammonium; nitrate; nitrogen mineralization; nitrification; forest 
soils 
INTRODUCTION 
Anthropogenic inputs of reactive nitrogen (N) in the 20th and 21st centuries have altered the 
global N cycle (Galloway et al. 2008; Li et al. 2016). Forests typically considered N-limited have 
exhibited signs of different stages of N saturation (Aber et al. 2003; Liu et al. 2011; Niu et al. 
2016). Atmospheric deposition is the primary source of anthropogenic N to forest systems 
(Galloway et al. 2008; Schlesinger 2009). While national and global efforts to reduce 
anthropogenic N emissions have been effective in some locations, some forests in the US and 
Europe still exhibit relatively high levels of reactive N, with significant biogeochemical 
implications (Schöpp et al. 2003; Davidson et al. 2011). 
Chronic elevated N deposition has been found to alter N availability in soils, with increased 
N losses via leaching (Lovett and Goodale 2011; Lu et al. 2011; Templer et al. 2012a) and 
denitrification (Templer et al. 2012b; Morse et al. 2015). N enrichment accelerates base cation 
leaching and mobilizes aluminum, increasing ecosystem vulnerability to acidification (Fernandez 
et al. 2003; Lucas et al. 2011). Both elevated N deposition and acidification can increase tree stress 
and fine root mortality (Gundersen et al. 1998; Smithwick et al. 2013; Ferretti et al. 2015; Minocha 
et al. 2015), and can decrease soil microbial biomass and alter microbial community structure 
(Treseder 2008; Kopáček et al. 2013; Carrara et al. 2018). Soil organic matter (SOM) 
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decomposition is suppressed under high N conditions, which can increase terrestrial carbon (C) 
stocks (Frey et al. 2014; Van Diepen et al. 2017). 
Net N mineralization (NNM) and net nitrification (NN) are frequently used as indices of 
soil N dynamics and availability that are relevant to ecosystem function. Soil NNM and NN 
represent the balance between gross N mineralization/nitrification and immobilization and are 
typically measured using in situ or laboratory incubations for a short period of time (Hart et al. 
1994; Verchot et al. 2001). Soil denitrification would also be included in the immobilization 
calculation, but denitrification rates are very low in aerated, acidic soils. Soil C:N ratio, vegetation 
type, temperature, and moisture are important controls on NNM and NN rates. These parameters 
are often negatively correlated with soil C:N ratio, since high N concentrations stimulate 
production of ammonium (NH4+-N) and nitrate (NO3--N) (Aber et al. 2003; Ross et al. 2009; Liu 
et al. 2017). Deciduous forest soils typically exhibit higher nitrification rates compared to 
coniferous soils, because of the higher quality of deciduous litter (Lovett et al. 2004; Ross et al. 
2009). Microbial activity generally increases with temperature and moisture up to ideal conditions, 
and therefore, so do NNM and NN rates (Knoepp and Swank 2002). N mineralization has been 
used to study soil response to disturbances such as land use changes (Goodale and Aber 2001; 
Burns and Murdoch 2005), frost damage (Shibata 2016; Sorensen et al. 2016), and climate change 
(Knoepp and Vose 2007; Contosta et al. 2011). NNM and NN rates generally increase in N-
enriched systems, and these indices have been especially useful in assessing the progression of 
ecosystems towards N saturation (Aber et al. 1998; Gundersen et al. 1998; Gilliam et al. 2001; 
Lovett and Goodale 2011; Lu et al. 2011).  
The Bear Brook Watershed in Maine (BBWM) is one of the few long-term whole-
ecosystem manipulation experiments in the world examining the effects of chronic, elevated N 
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deposition on temperate forest ecosystem function on a decadal time scale. Since N additions 
began in 1989, studies conducted at BBWM have reported increased soil N pools (Wang and 
Fernandez 1999; Jefts et al. 2004; Fernandez et al. 2010; SanClements et al. 2010); increased 
stream nitrate exports (Fernandez et al. 2010; Simon et al. 2010); increased foliar N (Elvir et al. 
2005, 2006); increased base cation leaching (Fernandez et al. 2010); shifts in microbial community 
composition and enzyme activity (Wallenstein et al. 2006; Stone et al. 2012; Mineau et al. 2014; 
Fatemi et al. 2016; Tatariw et al. 2018); and changes in SOM composition and decomposition rates 
(Ohno et al. 2007; Hunt et al. 2008). The bimonthly N treatments at BBWM were discontinued in 
October 2016, marking the start of the “recovery” period in the treated watershed. Studies at 
BBWM have examined soil NNM and NN rates, and labile inorganic N in response to N 
enrichment and acidification (Wang and Fernandez 1999; Fernandez et al. 2000; Jefts et al. 2004). 
In this paper, we synthesize results from past measurements of soil N dynamics at BBWM 
including both published results and unpublished data in order evaluate potential multi-decadal 
patterns associated with experimental N enrichment as well as declining ambient N deposition and 
a changing climate.  
METHODS 
Site description 
BBWM is a long-term whole watershed acidification experiment in eastern Maine, USA 
(44°52'N, 68°06'W), established to study the effects of elevated N and S deposition on ecosystem 
processes. BBWM is comprised of two paired watersheds, the reference East Bear Brook (EB, 
11.0 ha) and the manipulated West Bear Brook (WB, 10.3), which was treated with bimonthly 
applications of ammonium sulfate [(NH4)2SO4] fertilizer from above the canopy, at the rate of 28.8 
kg S ha−1 year−1 and 25.2 kg N ha−1 year−1, from 1989 through 2016. Vegetation was similar in 
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both watersheds, with lower elevations dominated by deciduous species including Fagus 
grandifolia Ehrh. (American beech), Acer saccharum Marsh. (sugar maple), and Acer rubrum L. 
(red maple), and higher elevations dominated by coniferous species including Picea rubens Sarg. 
(red spruce) and Abies balsamea L. (balsam fir). Soils are coarse-loamy, mixed, frigid Typic and 
Aquic Haplorthods (Lyman, Tunbridge, Rawsonville, Dixfield, Colonel series) (Norton et al. 
1999; SanClements et al. 2010). Average annual air temperature (2005–2014) at the site is 5.6 °C 
(Patel et al. 2018a,b). 
 
Figure 5.1 Layout and (inset) location of BBWM. East Bear Brook is the reference watershed 
and West Bear Brook is the treated watershed. 
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N-mineralization studies at BBWM 
For this study, we compiled data from N-mineralization studies conducted at BBWM from 
1992 to 2016. Each study included measurements of extractable inorganic N, NNM, and NN (in 
situ and/or laboratory incubations). We included data for soils collected during the growing season 
(May to September). The methods used in the studies are described below, and the compiled data 
can be found in Appendix C. 
Sampling and processing 
Soils sampled for these studies were the surface organic horizon (O horizon) that excluded 
loose litter at the surface, but included all material to the top of the mineral soil surface. O horizon 
thicknesses were typically 2–5 cm in the deciduous stands, and 5–10 cm in the coniferous stands. 
Soils were sampled in both vegetation types within each watershed. The morphological boundary 
between the surface organic horizon and subsurface mineral horizons were usually distinct and 
abrupt, allowing relatively consistent field identification of horizons. Soils were sampled using 10 
x 10 cm templates or as grab samples, with grab samples collected in a manner to attempt a uniform 
collection of materials across the depth of the O horizon. Soils were brought back to the laboratory 
for processing and analysis. The number of samples varied by study year, and these values are 
included in Appendix C. Soils were not pooled for analysis. Field moist soils were sieved through 
6 mm screens, and gravimetric moisture was determined by drying subsamples at 65 °C for 24 
hours. 
Inorganic N extractions 
Several variations of an otherwise similar procedure were used across the various study 
years. Inorganic N (NH4+-N and NO3--N) was extracted using KCl solution (1 M or 2 M). 
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Extractions were performed by shaking soil with extractant solution for either 30 or 60 minutes, 
or by leaving the soil-extractant mixture on the bench-top for 48 hours. The extracts were filtered 
through Whatman® 42 filter paper, and NH4+-N and NO3--N were determined colorimetrically on 
an autoanalyzer at the Maine Agricultural and Forest Experiment Station (MAFES) Analytical 
Laboratory. The extractable inorganic N was also used as the “initial” (time-zero) value for NNM 
and NN calculations described below.  
Incubations for NNM and NN  
Field incubations were performed using the method of Eno (1960). At the time of sampling, 
subsamples were placed in polyethylene bags and buried in the soil, with incubation periods 
varying from 28 to 150 days, depending on the study. At the end of the incubation, bags were 
retrieved, and soils were processed and extracted in the laboratory as described above. Laboratory 
incubations were performed according to the method of Hart et al. (1994). Sieved soils were 
incubated in polystyrene cups in the dark at ~25 °C for 14 days and were extracted post-incubation 
as described above. NNM (for field and laboratory incubations) was calculated as the difference 
between post-incubation and initial concentrations of inorganic N (NH4+-N and NO3--N). NN was 
calculated as the difference between post-incubation and initial concentrations of NO3--N. A 
positive value of NNM (or NN) indicates net mineralization (or nitrification); a negative value 
indicates immobilization of inorganic N (or NO3--N); an NNM or NN value of zero represents no 
change in pre-and post-incubation concentrations of inorganic N (or NO3--N), within instrumental 
detection limits of 0.18 mg kg-1 for NH4+-N and 0.06 mg kg-1 for NO3--N. 
For this study, we also used nitrification fraction (calculated as the ratio of NN to NNM) 
as an index of N enrichment. The nitrification fraction is low in N-limited soils, but increases with 
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N-enrichment (Aber et al. 2003; Fenn et al. 2005). The nitrification fraction was calculated only 
when NNM was a positive value and NN was zero or above. 
Total C and total N 
Total C (TC) and total N (TN) were determined on air-dried soils (ground to 2 mm) by dry-
combustion (Sollins et al. 1999) at the MAFES Analytical Laboratory. 
Statistical analysis 
Testing for watershed effects 
Linear mixed models (LME) were used to test for differences in TC, TN, and C:N ratio — 
watershed (i.e. treated vs. reference), forest type (i.e. deciduous vs. coniferous) and their 
interaction were fixed effects, and year was a random effect. LME was not run on NH4+-N, NO3--
N, NNM, or NN, because of differences in extraction methods among study years. Instead, one-
way analyses were used on these variables to test for watershed effects during each study year. 
The data were not normally distributed, and the non-parametric Wilcoxon test was used for 
statistical comparisons.  
Analysis of temporal trends  
To account for differences in methods among studies, inorganic N, NNM, and NN absolute 
values were not directly compared but were analyzed as WB:EB ratios, i.e. values in the treated 
watershed normalized to the reference watershed. The WB:EB ratio normalizes the data for 
differences in methods, and allows us to compare the relative change in soil properties through 
time. However, this technique does not allow us to assess trends in individual watersheds which 
would be confounded by differences in methods over time for these time series. Nitrification 
fraction already normalizes for differing methods because it is the ratio NN:NNM, and we 
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therefore did not calculate WB:EB ratios for the nitrification fraction. A Wilcoxon test run on the 
entire dataset indicated that forest types were statistically significantly different for all variables 
(p < 0.01); therefore, soils were separated by forest type prior to further analysis. Local regression 
(LOESS) (fit = linear, smoothness = 1) and the non-parametric Mann-Kendall test were used to 
determine long-term trends in response variables (Mann 1945; Cleveland and Devlin 1988). The 
Mann-Kendall test statistic (S) is a measure of the direction and the magnitude of the trend. A 
positive number represents increasing values through time, while a negative number represents 
decreasing values through time; large absolute numbers indicate a greater magnitude of change. 
The Mann-Kendall test can only be used on monotonic trends. When a cyclic/non-monotonic trend 
was detected using LOESS regression, the Mann-Kendall test was used on each monotonic 
segment, as described by Hipel and McLeod (1994), and Edwards et al. (2006).  
Significance of statistical analyses was determined at alpha = 0.05. LOESS regression was 
performed using JMP® Version 13 (SAS Institute Inc., Cary, NC, 1989-2007). Mann-Kendall tests 
were performed using the Kendall program developed by USGS (Helsel et al. 2006). 
RESULTS 
Total C and N concentrations 
TC was significantly greater in coniferous than in deciduous forests (LME, p = 0.02), but 
did not differ significantly between watersheds (p = 0.36) (Table 5.1). TN did not differ between 
watersheds (LME, p = 0.13) or forest types (p = 0.67). C:N was greater in coniferous than in 
deciduous forests (LME, p < 0.01), but did not differ between watersheds (p = 0.25).  
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Table 5.1. Average values (± standard error) of soil total carbon (TC), total nitrogen (TN), and 
C:N ratio by watershed and forest type. Asterisks (*) denote significant differences between forest 
types at α = 0.05.  
 TC (%) TN (%) C:N 
Watershed    
EB 37 ± 2 1.4 ± 0.1  26 ± 1  
WB 39 ± 2    1.6 ± 0.1  25 ± 1  
    
Forest type    
Deciduous 35 ± 2  1.5 ± 0.1  23 ± 0  
Coniferous   41 ± 1 * 1.5 ± 0.1    27 ± 1 * 
 
 
Trends in soil NH4+-N and NO3--N 
Deciduous soils exhibited a trend of increasing NH4+-N concentrations in WB (treated) 
soils relative to EB (reference) through time, evident in the trend line and the relatively high 
Kendall S statistic (Figure 5.2a; Table 5.2). NH4+-N availability did not differ significantly 
between WB and EB watersheds in 1992, four years after the treatment commenced (Wilcoxon 
test, Z = 0.82503, p = 0.4094). WB soils had significantly higher NH4+-N concentrations than EB 
after 1995 (Wilcoxon test, Z = 6.87988, p < 0.0001), and the WB:EB ratios of NH4+-N 
concentrations were at their highest during the 2012-2016 project years, in the third decade of 
treatment. NO3--N concentrations in WB relative to EB soils also increased significantly through 
time in deciduous soils (Figure 5.2b; Table 5.2). EB soils had low NO3--N concentrations, ranging 
from values below detection to 8.0 mg kg-1, and therefore even small changes in EB concentrations 
resulted in the relatively large changes in the WB:EB ratios (ranging from 0 to 200) seen in Figure 
5.2b, compared to NH4+-N ratios (ranging from 0 to 10). Neither NH4+-N nor NO3--N ratios 
showed significant temporal trends in coniferous soils. There was a significant positive correlation 
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between NH4+-N and NO3--N ratios for deciduous soils (Spearman’s ρ = 0.6488, p = 0.0011), but 
no significant correlation for coniferous soils (Spearman’s ρ = 0.0754, p = 0.7589). 
 
 
Table 5.2. Results from Mann-Kendall tests for ratios (WB:EB) of NH4+-N and NO3--N 
concentrations, and NNM and NN rates. When the overall trend was not monotonic, Mann-Kendall 
test was performed on each monotonic segment of the dataset. Some cells have “NA” because 
those time segments had data for only two years, and therefore did not constitute a “trend”. S = 
Mann-Kendall test statistic.  
 
Period S p  Period S p 
 Deciduous  Coniferous 
NH4+-N 1992-2016 155 0.0003  1992-2015 47 0.1908 
        
NO3--N 1992-2016 29 0.0293  1992-2005 28 0.0575 
     2005-2015 -2 0.9117 
        
NNM-field 1992-2005 22 0.0962  1992-2005 -10 0.6160 
 2005-2016 -1 1.0000  2005-2015 NA NA 
        
NNM-laboratory 1992-2016 -8 0.6614  1992-2001 7 0.4213 
     2001-2015 NA NA 
        
NN-field 1992-2015 28 0.0953  1992-2015 3 0.8745 
        
NN-laboratory 1992-2016 14 0.2340  1992-2001 6 0.3141 
     2001-2015 NA NA 
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Figure 5.2 Time-series data for (a) NH4+-N and (b) NO3--N concentrations in WB soils (N-treated) 
divided by concentrations in EB (reference) soils. Solid and dashed lines are LOESS regression 
lines. Solid circles and solid lines (black) represent deciduous soils. Open diamonds and dashed 
lines (gray) represent coniferous soils.  
 
 
 
Trends in NNM and NN 
Neither NNM or NN ratio showed significant temporal trends, although numerical trends 
from field incubations suggested increases through time (NNM: 1992–2005 and NN: 1992–2015) 
(Figure 5.3; Table 5.3). For field incubations, the NN ratio during the second half of the study 
(2004–2015) was an order of magnitude higher than during the first half (1995–2004). NN rates 
in EB soils were low (0.0 to 2.5 mg kg-1 day-1), which explains the relatively high WB:EB ratios 
of NN for deciduous soils (ranging from 0 to 725) in Figure 5.3, compared to NNM ratios.  
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Nitrification fraction from field incubations in EB-deciduous soils showed a significant 
decreasing trend from 1992 to 2005, but no significant trend from 2005 to 2016; EB-coniferous 
soils experienced a declining trend over the entire period (Figure 5.4a; Table 5.3). In WB soils, 
nitrification fraction from field incubations increased in deciduous soils over the entire period; in 
coniferous soils, there was an increasing trend from 1992 to 2005, followed by a decline from 2005 
to 2015 (Figure 5.4c; Table 5.3). For laboratory incubations of EB soils, there was no temporal 
trend in nitrification fraction for either forest type (Figure 5.4b; Table 5.3). For laboratory 
incubations of WB soils, deciduous stands exhibited an increasing trend in nitrification fraction 
over the entire period, while coniferous stands exhibited an increasing trend from 1992 to 2001, 
with a decline from 2001 to 2015 (Figure 5.4d; Table 5.3).  
 
 
Table 5.3. Results from Mann-Kendall tests for nitrification fraction (field and laboratory 
incubations). When the overall trend was not monotonic, Mann-Kendall test was performed on 
each monotonic segment of the dataset. S = Mann-Kendall test statistic.  
Watershed Forest type Period S p  Period S p 
  Field incubations  Laboratory incubations 
EB Deciduous 1992-2005 -993 0.0000  1992-2001 140 0.2545 
  2005-2016 37 0.1975  2001-2016 -134 0.0862 
         
EB Coniferous 1992-2015 -562 0.0279  1992-2015 197 0.2433 
         
WB Deciduous 1992-2016 585 0.0138  1992-2016 499 0.0097 
         
WB Coniferous 1992-2005 682 0.0131  1992-2001 699 0.0000 
  2005-2015 -67 0.0224  2001-2015 -7 0.9552 
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Figure 5.3 Time-series ratios for net N mineralization (NNM) (a, b) and net nitrification (NN) (c, 
d) from field and laboratory incubations. Solid and dashed lines are LOESS regression lines. Data 
shown are expressed as rates in WB soils (N-treated) divided by rates in EB (reference) soils. Solid 
circles and solid lines (black) represent deciduous soils. Open diamonds and dashed lines (gray) 
represent coniferous soils.  
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Figure 5.4 Time-series data for nitrification factor in EB soils (a, b) and in WB soils (c, d) from 
field and laboratory incubations. Solid and dashed lines are LOESS regression lines. Solid circles 
and solid lines (black) represent deciduous soils. Open diamonds and dashed lines (gray) represent 
coniferous soils.  
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DISCUSSION 
As expected, the treated watershed (WB) showed signs of N-enrichment during the 27 
years of treatment, consistent with results from other long-term ecosystem manipulation 
experiments (Gilliam and Adams 2011; Lovett and Goodale 2011; Magill et al. 2004; Moldan and 
Wright 2011). Overall, WB soils exhibited higher NH4+-N and NO3--N concentrations, and greater 
NN, compared to EB soils, and the magnitude of difference in N concentrations increased 
significantly during the course of the study. Chronic N enrichment did not alter TC or TN 
concentrations in WB soils in most years, suggesting that (i) accumulation of C or N in the soil 
was balanced by uptake, immobilization, or loss; or (ii) spatial variability in these soils was too 
high to detect significant differences. Our data provide evidence that the treatment altered labile 
but not total nutrient concentrations, and this was consistent with other studies conducted in the 
northeastern US, such as the Harvard Forest [20 years of N additions in mixed hardwood stands 
(Turlapati et al. 2013)] and Mt. Ascutney [14 years of N additions in red spruce stands (McNulty 
et al. 2005)].  
Coniferous soils exhibited lower extractable NH4+-N and NO3--N concentrations, and 
lower NNM and NN rates than deciduous soils, as was expected given the high C:N ratio and 
lower quality of coniferous litter (Lovett et al. 2004; Ross et al. 2009). However, it was somewhat 
surprising that by 2015, after three decades of N additions, NH4+-N availability did not differ 
between watersheds in the coniferous stands. In 2015, although coniferous soils in WB had 
significantly greater NO3--N concentrations than in EB, the concentrations were very low (0.99 ± 
0.50 mg/kg in WB, 0.06 ± 0.00 mg/kg in EB). The lack of linear trends in N availability despite 
chronic N additions is taken as further evidence of the slow N cycling characteristic of these 
coniferous soils.  
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Temporal trends in soil NH4+-N and NO3--N  
In deciduous soils, NH4+-N availability in WB increased through time, compared to EB 
(Figure 5.2a). This was primarily attributable to declining NH4+-N concentrations in EB soils, with 
little to no change in WB soils Appendix C. Declining NH4+-N concentrations in EB soils could 
be due to (i) decreased input of NH4+-N, (ii) decreased NNM, (iii) increased NN, (iv) increased 
plant uptake of NH4+-N, (v) increased runoff/leaching losses, and/or (vi) increased gaseous losses 
due to oxidation (anammox) or ammonia volatilization. Atmospheric inputs are the primary 
external source of N in the EB watershed, and N concentrations in ambient precipitation have been 
declining at the site (Fatemi et al. 2012), with 99% and 56% reductions in NH4+-N and NO3--N, 
respectively, between 1992 and 2012. Our results in this paper suggest no temporal trends in NNM 
or NN in EB soils [contradicting hypotheses (ii) and (iii); see Appendix C]. Hypothesis (iv) is 
contradicted by results from Elvir et al. (2005), who reported no change in foliar N concentrations 
in EB between 1989 and 2003, minimizing the possibility of a change in plant N uptake. 
Hypothesis (v) is contradicted by results from Fatemi et al. (2012), who reported declining N 
export in EB from 1989 to 2007. Forest soils in the northeastern US generally exhibit negligible 
N volatilization fluxes, attributed to their low pH (Magill et al. 1997; Hong et al. 2005; Templer 
et al. 2012a). While we do not have data for gaseous losses of NH4+-N at BBWM, the low soil pH 
[pHCaCl2 < 3.50 (Fernandez et al. 2003; SanClements et al. 2010)] in EB soils suggests that these 
gaseous fluxes were likely minimal. Anammox is generally low in aerated/oxic temperate forest 
soils (Xi et al. 2016) such as at our research site, further contradicting hypothesis (vi). Therefore, 
we conclude that the declining NH4+-N concentrations in EB soils were driven primarily by 
declining atmospheric N inputs [hypothesis (i)].  
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The increasing WB:EB soil extractable NO3--N ratios (Figure 5.2b) were a consequence of 
increasing WB NO3--N concentrations through time. Soil NO3--N concentrations in EB were low 
across all study years (Appendix C). The increased NO3--N in WB soils compared to EB was 
consistent with our results showing increased NN through time, and reflected the cumulative 
effects of long-term, chronic N additions from the WB treatments, including the greater abundance 
of ammonia oxidizing gene AmoA reported by Tatariw (2016). 
Temporal trends in NN and NNM 
Net nitrification rates in EB soils were consistently low across the entire study period, as 
is common for acidic, N-limited soils (Verchot et al. 2001; Ross et al. 2009), while the treated WB 
soils showed significantly higher NN rates overall. Since these incubations were conducted on 
sieved soils in plastic bags or cups, the NN values were not influenced by root uptake or leaching 
losses. Furthermore, due to the aerobic nature of these soils, we expect losses due to denitrification 
would be low (Morse et al. 2015). The NN rates therefore reflected the difference between the 
microbial processes of gross nitrification and immobilization, and the increases in NN detected in 
WB soils were attributable to changes through time in one or both of the mechanisms: (i) N 
additions in WB increased the availability of NH4+-N as a substrate for nitrification; and (ii) 
increased NH4+-N availability suppressed NO3--N immobilization by microbes (Emmett 2007). 
Despite increases in NN, NNM remained largely unchanged with no difference between 
watersheds for most years, indicating that there was a balance between the total N (NH4+-N + NO3-
-N) mineralized and immobilized. Thus, for NNM to remain unchanged through time as NN 
increased through time, net ammonification (data not presented here) decreased through time. The 
increasing temporal trend of the nitrification fraction in WB soils is further evidence of a shift 
from an ammonification-dominated system to one where nitrification contributes nearly 50% to 
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the total inorganic N pool. The lack of temporal trends in relative NNM values was somewhat 
unexpected, because previous studies at this site have reported ~80% retention of the added N in 
WB (Kahl et al. 1993; Jefts et al. 2004), suggesting an increasing potential for N mineralization. 
The lack of an NNM response in WB could be due to undefined inhibitions on N mineralization, 
or it is possible that the N additions increased gross N mineralization (not measured at our site), 
which was compensated for by increased immobilization. 
Studies have found conflicting effects of elevated N deposition on NNM rates. Some 
studies have reported increased NNM in response to increased N availability (Magill et al. 2000; 
Aber et al. 2003; Fenn et al. 2005; McNulty et al. 2005; Perakis and Sinkhorn 2011), while others 
have not (Lovett and Rueth 1999; Zak et al. 2006; Adams et al. 2007; Lovett and Goodale 2011). 
Aber et al. (1998) predicted that increased N availability would stimulate SOM decomposition and 
N mineralization in the short term, but that the depletion of the labile SOM pool would cause 
declines in decomposition and N mineralization in the long term. Consistent with this hypothesis, 
a meta-analysis conducted by Nave et al. (2009) showed that N additions increased NNM in the 
short term (one to four years), but these values decreased back to reference rates after four years. 
Despite this variable response of NNM to N enrichment in forest soils, most studies have reported 
increasing nitrification rates and nitrification fraction as a response to greater N availability (Magill 
et al. 2000; Fenn et al. 2005; Lu et al. 2011; Ross et al. 2012). In the northeastern US, the Harvard 
Forest in MA (Magill et al. 2000) and Mt. Ascutney in VT (McNulty et al. 2005) have reported 
nitrification fractions of 0.10 to 0.50 in N-amended soils, compared to ~0.0 in the reference soils. 
At the Fernow Experimental Watershed in WV, nitrification accounted for 100% of the total N 
mineralized (i.e. nitrification fraction = 1) in the untreated and treated stands, because these 
systems were in an advanced stage of N saturation (Aber et al. 2003; Gilliam et al. 2010). 
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Thresholds in long-term N dynamics  
Soil extractable NH4+-N and NO3--N concentrations did not differ between watersheds in 
1992, suggesting that for the first three years of additions, the added NH4+ was taken up by roots 
and microbes and/or converted to NO3-, which was subsequently taken up or lost via leaching — 
evidenced by elevated N concentrations in soil solution and stream in the treated watershed 
(Fatemi et al. 2012). Evidence of N enrichment in WB soils (increased NH4+-N and NO3--N 
concentrations, increased NN rates) was evident only after 1992, suggesting that it took several 
years before N inputs had begun to exceed the rates of N uptake and loss. Results from previous 
studies suggested a shift in ecosystem processes around 1993, approximately four years after 
treatments began. Elvir et al. (2005) reported on foliar chemistry at BBWM from 1989 to 2003 
and found that foliar N concentrations in WB stands (both deciduous and coniferous forests) 
increased until 1993, but remained stable (American beech, red spruce) or declined (sugar maple) 
post-1993. They attributed these changes to reduced root N uptake, consistent with declines seen 
in fine root biomass in WB. Fatemi et al. (2012) reported on soil solution chemistry at BBWM 
from 1989 to 2007 and found that NO3--N concentrations in WB were higher than EB. However, 
they found no change in soil solution NO3- concentrations from 1989 to 1993, and then WB soil 
solution NO3- concentrations increased significantly after 1993. They attributed this shift to an 
increase in nitrification, which is consistent with our results of increased NN and soil extractable 
NO3--N concentrations during this period. Threshold transitions in other soil properties were 
reported to have occurred in the mid-1990s in the WB watershed. Fernandez et al. (2003) reported 
a shift from increasing to decreasing stream Ca+2 and Mg+2 concentrations around 1995, reflecting 
a shift in the soil buffering capacity from base cations to aluminum. Their data also showed that a 
major source of the cumulative stream base cation loss in WB came from the O horizon, suggesting 
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a shift in acid-base chemistry of the soil environment in which N dynamics were being measured. 
These shifts could have contributed to shifts in soil N accumulation and nitrification, although no 
direct linkage is evident from the data presented here. 
Our results for BBWM are reinforced by findings from other studies that reported similar 
ecosystem transitions occurring years after N-additions began. At the Harvard Forest, Aber et al. 
(1998) reported that NN and NO3--N leaching in deciduous stands increased significantly only 
after six years of N additions. In the NITREX experiments in Gårdsjön, Sweden, researchers used 
15N to determine the source of NO3--N in runoff. For the first six years of N additions, most of the 
NO3--N in runoff was due to direct losses of the added NO3- that had not undergone immobilization 
and nitrification. During later years, NO3--N in runoff originated from nitrification in the soil 
(Kjønaas and Wright 2007; Moldan and Wright 2011). In mixed-deciduous stands in New York, 
Lovett and Goodale (2011) reported increases in foliar N concentrations shortly after initiating N 
additions, but NN rates increased significantly only in the sixth year of treatment. Thus, there 
appear to be multiple lines of evidence for a temporal lag between the onset of N additions and 
observed changes in soil N dynamics, and this would be consistent with changes through time in 
the strength of multiple ecosystem N sinks, as described by Lovett and Goodale (2011). 
CONCLUSIONS 
Our findings at BBWM offer insights into long-term forest ecosystem function under 
chronic N enrichment. Labile N concentrations were found to decline in the reference watershed, 
EB, through time, likely related to the declining atmospheric N deposition during this period. 
Compared to the reference watershed, labile N concentrations in the treated watershed, WB, 
increased significantly over the three decades of our experiment. Consistent with the predicted 
progression of N saturation, WB demonstrated a shift from an N-limited system dominated by 
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NH4+-N to a system where NO3--N became increasingly available through time. Despite almost 
immediate increases in soil N leaching and foliar N concentrations reported in the literature for 
this study site, results reported here suggest that chronic elevated N deposition resulted in a delayed 
response in soil N dynamics. It was not until after four years of watershed N additions that 
enhanced N availability and nitrification began to emerge in the treated watershed suggesting a 
threshold existed in the evolution of ecosystem function. The results presented here reinforce the 
importance of long-term ecosystem studies that are essential to improve our understanding of 
multi-decadal ecosystem responses to environmental change.  
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CHAPTER 6 
FOREST N DYNAMICS AFTER 25 YEARS OF  
WHOLE WATERSHED N ENRICHMENT:  
THE BEAR BROOK WATERSHED IN MAINE 
 
ABSTRACT 
Chronic elevated nitrogen (N) deposition has altered the N status of temperate forest 
ecosystems in North America, with significant implications for forest productivity, nutrient 
transformations, ecosystem nutrient retention, and surface water chemistry. The Bear Brook 
Watershed in Maine (BBWM) is a paired whole watershed manipulation experiment designed to 
study the effects of elevated N and sulfur (S) deposition on forest ecosystem function. In this paper, 
we examine the temporal trend of input–output N fluxes and net ecosystem N retention, and 
estimate a contemporary mass balance for ecosystem soil and vegetation pools, after 25 years of 
experimental whole-ecosystem N additions at BBWM. Starting in 1989, nitrogen inputs to the 
treated watershed (West Bear) were 25.2 kg-1 ha-1 yr-1 above ambient, which stimulated N loss 
through stream exports. On average, West Bear retained 81% of the annual N inputs, compared to 
94% retention in the reference, East Bear. After 25 years of N additions, the West Bear watershed 
had ~500 kg ha-1 more N than East Bear in soils and vegetation, with approximately 10% of the 
accumulated N stored in forest biomass. The treatment appeared to increase biomass N 
accumulation rates in the hardwood stands, but not in the softwoods. Overall, soils did not show 
detectable differences in total N content between watersheds, although the surface organic soils 
had greater N in West Bear. This paper presents a unique set of findings from one of the few long-
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term whole forest ecosystem N enrichment studies in the world. While N dynamics were clearly 
altered in West Bear, with evidence of accelerated N cycling, the treated watershed did not attain 
an advanced stage of N saturation during the study period, based on evidence of forest growth and 
stream exports.  
Keywords: nitrogen enrichment, temperate forests, soils, streams, hardwood, softwood, nutrient 
budgets 
INTRODUCTION 
Temperate forest productivity is typically N-limited. Many forests experiencing elevated 
N inputs in North America and Europe have shown increased growth rates (Thomas et al. 2010). 
Some ecosystems, however, have exceeded the critical loads beyond which negative effects are 
seen (Tietema et al. 1998; McNulty et al. 2007; Pardo et al. 2015). Environmental monitoring and 
experimental manipulation studies have found that N-enriched ecosystems experience increased 
N losses via leaching (Lovett and Goodale 2011; Lu et al. 2011; Templer et al. 2012a) and 
denitrification (Templer et al. 2012b; Morse et al. 2015); increased tree stress and fine root 
mortality (Gundersen et al. 1998; Smithwick et al. 2013; Ferretti et al. 2015; Minocha et al. 2015); 
and altered microbial community structure and function (Treseder 2008; Kopáček et al. 2013; 
Carrara et al. 2018; Morrison et al. 2018). The reported responses vary by the magnitude of N 
inputs, vegetation type, disturbance history, geographic location, climate, and the duration of the 
experiments.  
Small watersheds are useful as ecological observatories for the long-term study of 
ecosystem function (Likens et al. 1977). Findings from whole-watershed experiments have 
improved our understanding of nutrient cycling in response to environmental change and 
disturbance. Long-term studies allow us to understand complex and interactive ecological 
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responses, especially because short-term effects do not always correctly scale up to a longer time 
scale. Long-term monitoring at the Hubbard Brook Experimental Forest in NH, USA revealed 
changes in source–sink relationships between the 1970s and the early 2000s (Yanai et al. 2013). 
Multi-decadal N saturation experiments at the Harvard Forest (MA, USA) and Mount Ascutney 
(VT, USA) documented accelerated growth of red spruce trees in the initial years of treatment, 
followed by declines in productivity and mortality in the later years (Magill et al. 2004; McNulty 
et al. 2017). In the NITREX experiment in Gårdsjön, Sweden, N additions induced stream nitrate 
(NO3-) leaching, although the source of the leached N changed with time. At the start of the 
experiment, leached N originated from the added N, but in the later years, the leached N originated 
from nitrification of the ‘old’ N present in the ecosystem prior to the manipulation (Moldan and 
Wright 2011). Nave et al. (2009) reported significant temporal lags in the soil response to N 
additions; mineral soils showed significant increases in C and N pools only after 15–20 years of 
treatment. Long-term studies also demonstrate the importance of stochastic events in interpreting 
ecosystem responses. Climate variability and stochastic events have been known to increase 
nitrification rates and stream NO3- exports, adding to the complexity of interpreting ecosystem N 
processes (Mitchell et al. 1996; Casson et al. 2010). The current climate trajectory in the 
northeastern USA suggests increasing temperatures and rainfall, and increasing climate variability 
(Salinger 2005; Hayhoe et al. 2007; Wuebbles et al. 2017), highlighting the value of long-term 
research to understand ecosystem response. 
The Bear Brook Watershed in Maine (BBWM) is one of the few multi-decadal whole-
ecosystem manipulation experiments in the world examining forest ecosystem response to chronic 
elevated N and sulfur (S) deposition on a multi-decadal timescale. Here, experimental bi-monthly 
additions of (NH4)2SO4 to one watershed have increased foliar N concentrations and tree growth 
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(Elvir et al. 2005, 2006); increased soil available N (Wang and Fernandez 1999; Jefts et al. 2004); 
altered microbial community composition and enzyme activity (Wallenstein et al. 2006; Stone et 
al. 2012; Mineau et al. 2014; Fatemi et al. 2016; Tatariw et al. 2018); altered soil organic matter 
composition and decomposition rates (Ohno et al. 2007; Hunt et al. 2008); and increased base 
cation leaching (Fernandez et al. 2010) and stream NO3- exports (Fernandez et al. 2010; Simon et 
al. 2010). In this paper, we (a) examine the temporal trend of input–output N fluxes and net 
ecosystem N retention, and (b) estimate a contemporary mass balance for ecosystem soil and 
vegetation pools after 25 years of experimental whole-ecosystem N additions at BBWM. 
METHODS 
Site description 
BBWM is a long-term whole watershed acidification experiment in eastern Maine, USA 
(44°52'N, 68°06'W), established to study the effects of elevated N and S deposition on ecosystem 
processes (Figure 6.1). BBWM is comprised of two paired watersheds, the reference East Bear 
Brook (EB, 11.0 ha) and the manipulated West Bear Brook (WB, 10.3 ha), which was treated with 
bimonthly applications of ammonium sulfate [(NH4)2SO4] fertilizer from above the canopy, at the 
rate of 28.8 kg S ha−1 year−1 and 25.2 kg N ha−1 year−1, beginning in 1989. Both watersheds are 
drained by first-order streams. Soils are coarse-loamy, mixed, frigid Typic and Aquic Haplorthods. 
Bedrock consists dominantly of quartzite, phyllite, and calc-silicate low-grade metasediments, and 
minor granite dikes (Norton et al. 1999; SanClements et al. 2010). Average annual air temperature 
(2005–2014) at the site was 5.6 °C (Patel et al. 2018a,b), and average annual precipitation (2005–
2014) was 140 cm. Vegetation was similar in both watersheds, with lower elevations dominated 
by hardwood species, primarily Fagus grandifolia Ehrh. (American beech), Acer saccharum 
Marsh. (sugar maple), Acer rubrum L. (red maple), and Betula alleghaniensis Britt. (yellow birch); 
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higher elevations were dominated by softwood species, Picea rubens Sarg. (red spruce) and Abies 
balsamea L. (balsam fir). The research site was thus divided into four compartments by N 
treatment and forest type — East Bear hardwood, East Bear softwood, West Bear hardwood, and 
West Bear softwood. Five cluster plots (10 x 15 m) were established in each compartment, which 
are the basis of the sampling design at the site.  
 
Figure 6.1. Design and location (inset) of BBWM, with the paired watersheds East Bear Brook 
(reference) and West Bear Brook (treated). Map data sources not generated by BBWM team are 
as follows: US state outlines: National Atlas of the United States; Canadian Provinces: National 
Weather Service.   
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Input–output N fluxes 
Precipitation and stream samples were collected during the period 1989–2014 to calculate 
input and output N fluxes, respectively. Wet-only precipitation was collected using AeroChem-
Metrics™ precipitation collectors (Norton et al. 1999). Stream samples were collected as grab 
samples, and event samples (e.g. during snowmelt and rain events) using ISCO™ automated 
samplers from both EB and WB streams to calculate dissolved inorganic N (DIN) exports. During 
the first half of the study, precipitation and stream samples were collected weekly and during high 
stream-flow events. During the second half of the study, sampling frequency was reduced, and 
precipitation and stream samples were collected biweekly or monthly, and during selected 
hydrologic events. Measured stream chemistry from base sampling plus ISCO event samplers was 
interpolated between collections and coupled with hourly stream discharge to develop annual or 
monthly streamwater fluxes (Kahl et al. 1999; Norton et al. 2010). Precipitation and stream 
samples were analyzed for NH4+ and NO3- using ion chromatography at the University of Maine’s 
Sawyer Environmental Research Center. Dry deposition was not measured at the site, so for this 
analysis we used reported estimates of annual dry deposition from the CASTNET Howland station 
(HOW132), located ~60 km northwest of our site (CASTNET 2018). The annual wet deposition 
values for HOW132 and BBWM were strongly correlated (Pearson’s r = 0.7735, p < 0.0001). 
Annual ecosystem N retention was calculated as:  
𝑟𝑒𝑡𝑒𝑛𝑡𝑖𝑜𝑛 (
𝑘𝑔
ℎ𝑎
) = 𝑖𝑛𝑝𝑢𝑡 − 𝑜𝑢𝑡𝑝𝑢𝑡 (1) 
𝑟𝑒𝑡𝑒𝑛𝑡𝑖𝑜𝑛 (%) =
(𝑖𝑛𝑝𝑢𝑡−𝑜𝑢𝑡𝑝𝑢𝑡)
𝑖𝑛𝑝𝑢𝑡
∗ 100 (2) 
Annual inputs, outputs, and retention were calculated for the water year from October 1 to 
September 30. The calculations for ecosystem N retention in equations (1) and (2) use wet + dry 
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inorganic N (NH4+-N and NO3--N) deposition as annual inputs and stream inorganic N exports as 
annual outputs. These calculations do not account for forest canopy influence on inputs or fluxes 
such as N fixation or denitrification. These “missing fluxes” are discussed in detail in the 
Discussion. 
Ecosystem N pools 
Samples for chemical characterization of soils, trees, loose litter, and ground vegetation 
were collected from 2010 to 2014. We calculated ecosystem N pools for each component by 
multiplying the mass/area (kg ha-1) by total N concentrations (%).  
Soils 
Soils were collected from 40 quantitative pits (ten in each compartment) in the summer of 
2010 using methods comparable to those of SanClements et al. (2010). The pits were excavated to 
the bottom of the solum (1 m) or refusal. Organic soils (O horizon) were quantitatively removed 
to the top of the mineral soil using 71 x 71 cm frames. Mineral soil (B horizon) was quantitatively 
removed in depth increments 0–5 cm, 5–25 cm, and 25 cm to the top of the C horizon. Grab 
samples were collected from the C horizon. When present, the E horizon depth was measured but 
not sampled for chemistry. Soils were brought back to the laboratory, air-dried, sieved (6 mm 
screen for organic, and 2 mm screen for mineral soil), and analyzed for total N concentrations 
using a LECO CN-2000 Analyzer at the Maine Agriculture and Forest Experiment Station 
(MAFES) Analytical Laboratory. The soil N pool was calculated as the sum of organic (coarse 
and fine) and mineral (fine) fraction.  
  
115 
Trees — biomass 
Tree biomass for leaf, branch, stem, and stump-root components was calculated using 
allometric equations provided by Young et al. (1980):  
𝑙𝑛(𝑏𝑖𝑜𝑚𝑎𝑠𝑠, 𝑝𝑜𝑢𝑛𝑑𝑠) = 𝐵0 + 𝐵1 ∗ 𝑙𝑛(𝐷𝐵𝐻, 𝑖𝑛𝑐ℎ𝑒𝑠) (3) 
DBH is the diameter at breast height, and B0 and B1 are species-specific coefficients for each tree 
component (Appendix D, Table D1). DBH was measured in July 2014 for 861 trees in 20 plots of 
400 m2, centered around and inclusive of the five cluster plots in each compartment. Biomass was 
calculated for individual trees in pounds and converted to kg for further calculation and analysis. 
The stem biomass values were divided into wood and bark using data from Freedman et al. (1982), 
who reported that wood comprised 88% of total stem biomass in maple-beech-birch stands, and 
87% of total stem biomass in red spruce-balsam fir stands. Individual tree biomass values within 
each 400 m2 plot were added to determine biomass as kg 400 m-2 and then scaled up to kg ha-1. 
These values as kg ha-1 were averaged to calculate compartment and watershed-level estimates. 
Trees — chemistry 
Foliage was sampled from the mid-crown in the upper canopy (i.e. sun-lit leaves) using 
pole pruners in August of 2010, 2012, and 2013. Five trees of each dominant species (American 
beech, sugar maple, red maple, yellow birch, and red spruce) were sampled in each watershed (i.e. 
25 trees per watershed) each year. Leaves showing signs of disease, or current year needles on 
twigs of red spruce were excluded. Foliar samples were rinsed with deionized water and blotted 
dry. Wood and bark samples were obtained from tree cores collected in 2011. One hundred trees 
were sampled across the five dominant species in each watershed. For a subset of these cores, rings 
from 2009–2011 were processed for wood N. Stump–root and branch samples were not collected 
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for chemical analysis. We used wood N values for stump–roots and woody litterfall (i.e. twigs) 
values for branches. Woody litter was collected during 2012 and 2013, using four traps (52.5 x 37 
cm) in each cluster plot. The samples were dried and sorted into hardwood and softwood tissues 
prior to analysis. 
Loose litter 
Loose litter was collected during the growing season of 2012. Samples were collected in 
triplicate from each cluster plot using a 10 x 10 cm template and combined for each cluster plot. 
Loose litter was surface litter tissues that were not yet mechanically attached to the forest floor 
and could be readily brushed aside without resistance. 
Ground vegetation 
Ground vegetation was sampled during the growing season of 2012. The five most 
dominant species (<60 cm high) were clipped at the ground surface from a 5 x 5 m area within 
each cluster plot. The samples were rinsed with DI water and blotted dry separately by species. 
All vegetation samples were dried in a drying room at ~60 °C. After drying, the samples 
were weighed, ground through a 1 mm sieve using a Wiley mill, ground in a ball mill, and analyzed 
for total N using an elemental analyzer at the University of California Davis Stable Isotope Facility. 
The N concentrations for each vegetation component by species are reported in Appendix D, Table 
D3.  
Tree N accumulation 
The tree increment cores collected (from 100 trees) in 2011 were used to determine 
increment growth. Increment cores were digitized and ring widths were measured using 
WinDENDRO™ (Regent Instruments, Inc.). The average ring width values for 2007–2011 were 
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used as estimates of “recent tree increment” for the five dominant tree species (Appendix D, Table 
D2). These increment values were used with the 2014 tree inventory to calculate dbh values for 
2013, and then 2013 biomass was calculated using equation (3). Biomass growth rate for each tree 
component was calculated as the difference between the two consecutive years 2014 and 2013. To 
calculate N accumulation rates in trees, we multiplied the biomass growth rate by the average N 
concentrations described above.  
RESULTS 
Nitrogen deposition 
Total ambient N deposition (wet + dry) in EB, as NH4+ + NO3- deposition, ranged from 2.3 
to 5.4 kg N ha-1 yr-1 (mean 3.7 kg N ha-1 yr-1) for 1990–2014 (Figures 2 and 3). Dry deposition 
accounted for ~2–5% of the annual ambient N inputs during the same period. Total ambient NH4+ 
deposition (wet + dry) in EB ranged from 1 to 2 kg N ha-1 yr-1 and was 28–49% of the total annual 
N deposition. Total N inputs (ambient + treatment) in WB ranged from 27.5 to 30.9 kg N ha-1 yr-1 
(mean 29.0 kg N ha-1 yr-1) and NH4+ accounted for 88–95% of total N inputs. Total ambient N 
deposition declined significantly over the study period from 1990 to 2014 (r = -0.6291, p = 0.0006) 
attributable to a 60% decline in NO3- deposition (r = -0.7587, p < 0.0001), while NH4+ deposition 
remained unchanged (r = -0.2253, p = 0.2684). 
Stream DIN export 
Stream DIN exports ranged from below-detection to 2.1 kg N ha-1 yr-1 (mean 0.4 kg N ha-
1 yr-1) in EB and from 2 to 10 kg N ha-1 yr-1 (mean 5.6 kg N ha-1 yr-1) in WB (Figures 6.2 and 6.3). 
Exports from both watersheds were dominated by NO3- (~86% and ~98% of annual N export in 
EB and WB, respectively). In EB, consistent with temporal trends in ambient N deposition, N 
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exports declined significantly (87% decline) from 1990 to 2014 (r = -0.6557, p = 0.0005), but there 
was no statistically significant long-term trend in WB (r = 0.0239, p = 0.9119). Over the course of 
the study, EB retained 83 to nearly 100% (mean 94% ± SE 2.5) or ~3 kg N ha-1 yr-1, and WB 
retained 66 to 93% (mean 81% ± SE 1.4), or ~23 kg N ha-1 yr-1, of total N inputs. Stream NO3- 
concentrations showed a distinct seasonal character (Figure 6.4), peaking during the spring months 
(2.21 µeq L-1 ± SE 0.24 in EB and 62.7 µeq L-1 ± SE 19.8 in WB, for 2010–2014) and decreasing 
to ‘base flow’ concentrations in the summer months (below-detection in EB and 8.83 µeq L-1 ± SE 
1.94 in WB, for 2010–2014). 
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Figure 6.2. Input and output N fluxes for East Bear (reference watershed). The X axis represents 
the water year, beginning October 1.  
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Figure 6.3. Input and output N fluxes for West Bear (treated watershed). The X axis represents 
the water year, beginning October 1. The dashed vertical line represents onset of treatment in West 
Bear. 
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Figure 6.4. Monthly stream NO3- concentrations during the study period for (a) East Bear 
(reference) and (b) West Bear (treated). 1988–1989 represents pre-treatment data for West Bear. 
Data for 1990–2014 represent 5-year intervals during the first, second, and third decades of 
manipulation. 
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Ecosystem N pools 
Figure 6.5 shows pools of N for each watershed, and Table 6.1 shows N pools by 
compartment. The vegetation N pool accounted for ~7–11% of total ecosystem N, across both 
forest types and both watersheds (Table 6.1). Overall, vegetation in WB had ~1.3X more N ha-1 
than in EB. Tree foliage accounted for ~15% of the total vegetation N pool in the deciduous forests, 
and ~26% in the coniferous forests — and this was consistent between the reference and the treated 
watersheds (Table 6.1). Both foliage and woody biomass had ~1.4X more N in WB than in EB, 
but the ground vegetation and leaf litter N pools did not differ between the two watersheds. Trees 
in hardwood stands had higher N accumulation rates in WB than in EB (Table 6.2), while this was 
not the case in softwood stands. Overall, biomass accumulation of N was ~20 kg N ha-1 yr-1 in EB 
and ~ 22 kg N ha-1 yr-1 in WB. 
The largest pool of N among the components was in the mineral soil (>6,600 kg N ha-1 in 
both watersheds, 63–70% of total ecosystem N), although N content did not differ significantly 
between the two watersheds (Table 6.1; Figure 6.5). In the softwood stands, organic soils in WB 
had ~1.5X more N compared to EB, but in the hardwood stands, organic soil N content did not 
differ significantly between watersheds (Table 6.1).  
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 Figure 6.5. Ecosystem N pools at BBWM. All values are kg N ha-1, numbers in parentheses are 
standard error. 
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Table 6.1. Nitrogen pools in the ecosystem components within each compartment. Asterisks 
denote significant difference between watersheds at α = 0.05. 
 East Bear  
(reference) 
 West Bear 
(treated) 
 Mean, kg N ha-1 SE  Mean, kg N ha-1 SE 
Hardwoods      
Total vegetation N 640 53  969* 69 
Foliage 100 7  141* 15 
Woody biomass 459 38  710 66 
Branches 103 8  207* 25 
Wood 207 19  261 25 
Bark 78 6  151* 18 
Stump-root 71 6  90 9 
Ground vegetation 0.19 0  0.33 0 
Loose litter 81 11  118 15 
      
Total pedon N 8,170 1,325  8,157 753 
Organic soil 1,781 228  1,729 326 
Mineral soil 6,389 1,215  6,428 816 
      
Softwoods      
Total vegetation N 1,028 59  1,311* 78 
Foliage 269 18  347* 22 
Woody biomass 607 51  837 52 
Branches 189 15  215 14 
Wood 248 21  381* 24 
Bark 71 7  88 5 
Stump-root 99 8  152* 10 
Ground vegetation 0.24 0  2.20 2 
Loose litter 153 33  126 27 
      
Total pedon N 10,018 1,707  10,421 910 
Organic soil 2,422 335  3,523* 364 
Mineral soil 7,597  1,625  6,898 1,020 
Total N in watershed 
(hardwood and softwood; 
vegetation and soil) 
9,928   10,428  
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Table 6.2. Estimated input, output, and biomass increment N fluxes for East Bear and West Bear. 
Input–output fluxes are calculated for the five-year period 2010–2014. Tree biomass N 
accumulation is calculated using tree increment cores for the five-year period 2007–2011.  
 
 East Bear West Bear 
A. Input–output fluxes, kg N ha-1 yr-1   
Input (deposition) 2.0 27.0 
Output (stream export) 0.2 7.0 
Retention (input–output) 1.8 20.0 
   
B. Tree biomass N accumulation, kg N ha-1 yr-1   
Entire watershed (hardwoods and softwoods) 20.0 23.2 
   
Hardwoods   
 total tree biomass 15.5 22.3 
 leaves  2.6 3.3 
 branches  3.0 5.7 
 wood  5.7 6.8 
 bark  2.3 4.2 
 stump-root  1.9 2.3 
   
Softwoods   
 total tree biomass 24.6 24.1 
 leaves  7.3 6.7 
 branches  5.4 4.5 
 wood  7.1 7.9 
 bark  2.0 1.9 
 stump-root  2.8 3.1 
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DISCUSSION 
Long-term watershed input–output N fluxes 
Significant declines in ambient atmospheric N deposition at BBWM from 1990 to 2014 
are attributable to a combination of (a) emissions reductions from stationary sources resulting from 
air pollution policies enacted during this period, such as Titles IV (SO2, NOx) and VI (ozone) of 
the U.S. Clean Air Act Amendments (CAAA) of 1990 and Phase I controls of the CAAA in 1995 
(Kahl et al. 2004; Du et al. 2014); and (b) reduced vehicular emissions in the northeastern USA 
(Butler et al. 2003). The relatively low N deposition and high soil C/N ratio in EB soils has resulted 
in net biological immobilization of N, with low N exports and high N retention rates (Fernandez 
et al. 2010). Additionally, abiotic immobilization (e.g. incorporation into soil organic matter) may 
also contribute to N retention (Fitzhugh et al. 2003). In contrast, the higher N exports in WB 
demonstrate that these N mechanisms may not have been as efficient to retain the greater N inputs. 
NH4+ additions stimulate nitrification by providing labile NH4+ substrate, and inhibit plant NO3- 
uptake by suppressing the production and activity of NO3- assimilatory enzymes (Emmett 2007) 
or by suppressing the N-uptake activity of mycorrhizae (Högberg et al. 2007). These mechanisms 
accelerate NO3- leaching losses. At the Fernow Experimental Forest in WV, USA Gilliam et al. 
(2018) found that soil nitrification rates did not increase consistently in response to N additions, 
and instead attributed increased stream NO3- exports to reduced biological uptake. At our site, we 
observed greater nitrification rates in WB than in EB (Chapter 5, this dissertation), which likely 
contributed at least partially to the elevated stream exports.  
Stream N exports in EB declined from 1989 to 1993, reflecting a regional decline of 
elevated surface water NO3- concentrations, originating with severe winter frost prior to 1989 
(Mitchell et al. 1996). This short-term climate phenomenon ended in ~1993, when EB exports 
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returned to chronically low values. Subsequent declines in EB stream NO3- largely reflected the 
long-term trends in declining N inputs, and immobilization in the soil. The experimental N 
additions (25.2 kg N ha-1 yr-1) were originally thought to represent a 4X increase in N loading in 
WB compared to EB, using measured values of wet deposition and estimates of dry deposition at 
the beginning of the study (Norton et al. 1999). The data reported here suggest ambient plus 
experimental inputs to WB may have been up to ~7X the EB inputs at the start of the experiment. 
With declining ambient N deposition, WB was receiving up to ~12X the EB N inputs by 2014. 
Experimental N additions increased NO3- exports in WB within four months. Tracer 15N 
experiments in 1991–1993 revealed that most of the initial excess stream NO3- exports did not 
originate from the added NH4+. Rather, the treatments stimulated nitrification of the resident, ‘old’ 
N in the ecosystem (Nadelhoffer et al. 1999). Changes in the isotopic signature of stream NO3- 
indicated a greater contribution of the added fertilizer to stream NO3- post-1993. This is consistent 
with N mineralization results from BBWM indicating that N mineralization and nitrification rates 
increased in WB after 1993 (Wang and Fernandez 1999; Fernandez et al. 2000; Jefts et al. 2004).  
Long-term patterns of N export in the WB stream demonstrated significant inter-annual 
variability. Inter-annual variability in stream N export was not significantly correlated with 
differences in annual hydrologic flux (r = 0.3651, p = 0.0.0727) or temperatures (r = 0.3329, p = 
0.0.1040). Therefore, other factors likely contributed to the inter-annual variability evident in the 
long-term record, some of which were stochastic disturbance events. For example, higher N 
exports occurred in 1999, evident in both watersheds, which we attributed to the ice storm of 1998 
that deposited ~13 cm of ice in central Maine, a major disturbance event for Maine forests (Irland 
1998). Damage to the forest canopy at BBWM as a result of the 1998 ice storm was obvious, 
although no studies were carried out to quantify the extent of the damage. The ice storm resulted 
128 
in an ecosystem perturbation that increased litter inputs to the forest floor and increased insolation 
because of damages to the canopy. In combination, these altered processes resulted in a transient 
acceleration of N losses (Houlton et al. 2003; SanClements et al. 2010). We have anecdotal 
evidence of additional disturbances from wind storms and caterpillar outbreaks over the period of 
record, but these were not measured in a manner to support a quantitative evaluation of their effects 
on the long-term N export record. 
Ecosystem N mass balance 
The relative sizes of ecosystem N pools at BBWM reflect the general distribution of N 
common in temperate upland forests of northeastern North America, with soils comprising the 
biggest N pools (Mitchell et al. 1992; Kelly et al. 2011; Yanai et al. 2013). During the 25 years of 
treatment, the cumulative retention of N in EB was 81 kg N ha-1 and the cumulative retention of N 
in WB was 582 kg N ha-1.  
In the reference EB watershed, the vegetation N accumulation rate was an order of 
magnitude greater than the annual ecosystem inorganic N retention (Table 6.2), revealing an 
additional source of N beyond atmospheric N contributions of ~18 kg N ha-1 yr-1. Trees in 
northeastern North America have been reported to mine N from the mineral soil, i.e. the soil acts 
as a net source of N (Hooker and Compton 2003; Yanai et al. 2013). This was also observed at 
BBWM in the early 1990s by Nadelhoffer et al. (1999), and our calculations suggest soil N uptake 
by vegetation even today in both watersheds. Vegetation N accumulation rate was greater than the 
annual N retention even in WB, demonstrating that the trees were taking up soil N despite the 
elevated N inputs.  
Tracer 15N isotopic analyses performed during 1991–1993 showed that the soil was the 
major sink of the added labelled N (Nadelhoffer et al. 1999). Based on mass balance calculations 
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for the data presented in this paper, it appears that soils were a major sink of the added N even 
after 25 years of N enrichment. However, the relative size of the soil N pools (Figure 6.5; Table 
6.1) and the high spatial variability in our soils (see the SE values in Table 6.1) limit our statistical 
power to observe significant differences between EB and WB soil N pools. An analysis of temporal 
trends in soil total N concentrations also showed no significant change in WB soils through time 
despite 25 years of treatment (Chapter 5, this dissertation). The minimum detectable change (for 
95% confidence intervals) for these data was ~380 kg N ha-1 for organic soils, 1175 kg N ha-1 for 
mineral soils, and 1234 kg N ha-1 for the total pedon. This suggests that even if all the N retained 
in WB (582 kg N ha-1) were stored in the soil, we would not be able to statistically detect the 
change in total soil N from the treatment in WB soils.  
In the softwood stands, WB organic soil horizons had significantly more TN than EB 
(Table 6.1), because WB soils had a significantly greater soil mass (Appendix D, Table D2). N 
enrichment suppresses organic matter decomposition, particularly for high-lignin litter (Edwards 
et al. 2011; Frey et al. 2014; Van Diepen et al. 2015; Morrison et al. 2018) and it is possible that 
this contributed to the thicker organic soils in WB, compared to EB. This is consistent with findings 
by Tatariw et al. (2018) that N additions increased microbe C-limitation in WB organic soils, 
indicating that the N additions had altered the decomposer community. In contrast, neither organic 
soil thickness nor total N differed between watersheds in the hardwood stands, suggesting that if 
N additions were suppressing rates of organic matter decomposition in softwood stands, hardwood 
stands did not reflect a similar response. Experimental N additions also increased litterfall mass in 
softwood stands but not in hardwood stands at the Harvard Forest in MA, USA (Frey et al. 2014) 
possibly, increased litter inputs could have caused the thicker organic horizons in the WB-
softwood stands at BBWM.  
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Our results highlight the importance of forest type on net ecosystem N retention, consistent 
with previous studies that demonstrated species effects on N cycling (Templer et al. 2005; Booth 
et al. 2005; Oulehle et al. 2018). The ~45% greater biomass N increment (Table 6.2) in WB-
hardwood compared to EB-hardwood stands suggests N additions reduced N limitations resulting 
in accelerated biomass and N annual increment in the treated watershed. In contrast, biomass N 
increment was similar between WB-softwoods and EB-softwoods (Table 6.2). It is possible that 
experimental N additions in WB, combined with the relatively low rates of historical atmospheric 
deposition compared to more highly impacted sites farther south and west (McNulty et al. 2007; 
Pardo et al. 2011) were not high enough to increase soil N availability to a level resulting in an 
increase in softwood growth. Elvir et al. (2010) attributed the apparent lack of growth response to 
N at BBWM to the lower base cation availability in the WB-softwood soils, an observed effect of 
the N and S additions. Indeed, studies previously conducted at BBWM provide evidence that 
softwoods had approximately half of the soil available Ca and Mg compared to hardwoods 
(Fernandez et al. 2003; SanClements et al. 2010), suggesting other limiting nutrients in softwoods 
may be moderating the growth response to N additions. The lack of growth response in the 
softwood stands suggests that if the added N was not taken up by the trees, it was either retained 
in the soil or lost via leaching. Studies conducted using ion-exchange resins in soils (Szillery et al. 
2006) and lysimeters (Fatemi et al. 2012) demonstrated that NO3- leaching was greater in WB-
softwoods than in WB-hardwoods reflecting the consequence of the lower N uptake in softwoods.  
Other studies reporting increased foliar and/or total biomass N accumulation in conifers 
[e.g. Harvard Forest, USA (Magill et al. 2000) and Gårdsjön, Sweden (Kjønaas and Stuanes 2008)] 
added significantly more N to their ecosystems (≥50 kg N ha-1 yr-1, compared to 25 kg N ha-1 yr-1 
at BBWM). In contrast to these studies, Lovett et al. (2013) found that additions of 50 kg N ha-1 
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yr-1 did not alter aboveground biomass growth in the Catskill Mountains of NY, USA, likely 
because of the high historical N deposition, the advanced age of the forest, or limitation by some 
other nutrient.  
Nitrogen saturation and critical loads exceedance 
Substantial research has been conducted over more than three decades to improve our 
understanding of forest ecosystem effects of N enrichment, including the development of the 
concept of N saturation, and the identification of important thresholds of ecological and 
biogeochemical response. The Aber et al. (1989, 1998) conceptual model described N saturation 
in terms of N mineralization and plant productivity. According to this framework, the reference 
EB watershed is in stage 0 (N limitation of plant growth and decomposition), and the treated WB 
is in stage 1 (increased foliar concentrations and increased biomass). According to the (Stoddard 
1994) conceptual model, which defines N saturation in terms of ecosystem N retention and NO3- 
export, EB is currently in Stage 0 (low NO3- concentrations during base flow, with higher 
concentrations during snowmelt and spring runoff), while WB is in Stage 2 (increased baseflow 
NO3- concentrations, see Figure 6.4). At the start of this study (1988–1999), both EB and WB were 
in Stage 1 (higher spring NO3- concentrations compared to stage 0), reflecting the transient winter 
frost effects discussed earlier during the initial years of this study. Subsequent declines in EB 
stream NO3- resulted in EB transitioning back to a Stage 0 status by the mid-1990s, which persisted 
to at least 2014. In WB, N additions increased NO3- exports almost immediately, and the watershed 
has remained at Stage 2 for the duration of the study reported here. Despite chronic multi-decadal 
elevated N inputs to WB, the watershed has not progressed over time to more advanced stages of 
N enrichment, i.e. increases in tree mortality or accelerating stream NO3- export.  
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More recently, critical loads have been used to describe thresholds of N deposition above 
which detrimental ecological effects are reported (Pardo et al. 2011). Critical loads of 8–10 kg N 
ha-1 yr-1 are generally recognized for significant NO3- leaching in temperate forests of North 
America and Europe (Campbell et al. 2004; Watmough et al. 2005; Dise et al. 2009; Pardo et al. 
2011). Our treatment of 25.2 kg N ha-1 yr-1 was more than 2X this threshold and, as expected, we 
saw increased stream NO3- exports in WB (Figures 6.3 and 6.4). The low critical loads for 
mycorrhizae and lichens (< 7 kg N ha-1 yr-1, Pardo et al. 2011) suggest that the community structure 
and function of these indicators were likely altered in WB but these potential effects have not been 
studied at BBWM. 
Missing N fluxes 
Our calculations of net ecosystem N retention in EB (94% ± SE 2.5) and WB (81% ± SE 
1.4) utilized the dominant input–output approach commonly utilized in the literature that relies on 
inorganic N inputs in atmospheric deposition and exports via surface waters in recently 
unharvested systems. A number of components of the N cycle are often not included in these 
analyses because the data are unavailable and are often difficult to quantify. Limited evidence 
suggests that the missing components are minor contributors to the N cycle. For the BBWM N 
mass balance, N inputs represent above-canopy atmospheric inputs and do not reflect the 
interaction of the canopy with deposition processes (Lovett and Lindberg 1993; Fernandez et al. 
1999; Weathers et al. 2006; Decina et al. 2018). Throughfall measurements at BBWM and 
elsewhere in Maine have highlighted the significant contribution of fog deposition and forest 
canopy interception to ecosystem N inputs (Fernandez et al. 1999; Norton et al. 1999; Weathers et 
al. 2006). Total deposition inputs of N were found to be ~4X the precipitation inputs at nearby 
Acadia National Park in coastal Maine (Weathers et al. 2006). This “scaling factor” of 4 for Acadia 
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reflects a larger marine aerosol influence than occurs at BBWM ~60 km inland from Acadia 
(Weathers et al. 2006). However, even at a reduced scaling factor of 2-3X for comparable elevation 
at BBWM, it would suggest an important additional N input to the budget (~4–6 kg ha-1). 
Biological N fixation can also contribute small additional inputs of atmospheric N in these 
temperate forest ecosystems. Studies in northern hardwood forests at the Hubbard Brook 
Experimental Forest in nearby New Hampshire reported ~0.5 kg N ha-1 yr-1 fixed in 40–60-year 
old stands (Roskoski 1980). While recent studies have reported that rock weathering may 
contribute as much as 15 % to ecosystem N inputs (Houlton et al. 2018), this is likely not a 
significant source of N at BBWM because of the low N concentration of the bedrock and till rock 
components (< 0.1% by weight, unpublished analyses), and low weathering rates of the till and 
bedrock at BBWM (Lawrence et al. 1997). 
Similarly, our estimates of total N export do not include measurements of DON and 
denitrification (DN). Limited measurements of DON conducted in EB and WB streams during the 
study period (data not shown) indicate that DON concentrations were similar in both streams, ~2X 
the inorganic N concentrations in EB. But the limited period of DON measurements precludes our 
quantitative estimates of DON export over the full time series presented in this study. 
Denitrification fluxes were measured at BBWM during 2000–2001 (Venterea et al. 2004) and 
2010–2011 (Morse et al. 2015). Venterea et al. (2004) found that nitric oxide fluxes were negligible 
in EB and <0.4 kg N ha-1 yr-1 in WB (~1.6% of the annual inputs), while Morse et al. (2015) found 
that (N2 + N2O) flux was <1 kg N ha-1 yr-1 in EB and WB, and did not differ between watersheds. 
Both studies found that DN was a relatively small export of N from our ecosystem. It should be 
noted that isotopic analyses of groundwater at Hubbard Brook suggests that traditional estimates 
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of DN may underestimate total DN fluxes from these northern temperate forested ecosystems 
(Wexler et al. 2014).  
This analysis of the missing fluxes in this study suggest that the missing inputs, driven 
primarily by the deposition scaling factor, are likely larger than the missing exports, and would 
mean that the realized N retention in these ecosystems is actually higher than the calculated 
retention reported here.  
Implications for N cycling  
Our understanding of ecosystem processes at BBWM is based on the assumption that EB and 
WB were similar in terms of soil (mass and chemistry), vegetation (biomass and chemistry), and 
stream (discharge and nutrient export) characteristics prior to treatment. The streams were the only 
ecosystem component monitored prior to the beginning of the WB manipulation, and the site was 
chosen because of the hydrological and stream chemical comparability of the two watersheds, 
including N export (Figure 6.4; Norton et al. 2010). We added 25.2 kg N ha-1 yr-1 to WB, 
significantly more than the mean ambient deposition of 3.7 kg N ha-1 yr-1, making this chemical 
perturbation the prime likely contributing factor to ecosystem responses reported here, rather than 
pre-treatment differences between the watersheds. The ecosystem pools reported in Figure 6.5 
indicate that WB had ~500 kg N ha-1 more than EB, in good agreement with the excess retention 
of ~20 kg N ha-1 yr-1 over 25 years. It is unlikely that these rates of accumulation were consistent 
over this time period, but the numerical coherence of these data lends support for dominant role of 
experimental N additions being responsible for altered patterns of N cycling in WB.  
The contrasting responses between hardwood and softwood stands at BBWM highlights the 
critical role of forest composition in determining the response of forest to elevated N inputs. The 
lack of a clear biomass N accumulation response and the higher N leaching response in softwood 
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stands, compared to hardwoods, suggests a greater propensity for associated surface water impacts 
in softwood dominated landscapes. Twenty-five years of chronic whole watershed N additions had 
a positive effect on forest growth in hardwoods, a negative consequence in stream water chemistry, 
and a relatively rapid emergence of these trends early in the experiment that have persisted in a 
dynamic equilibrium over decades. We suggest this dynamic equilibrium will persist until 
stochastic disturbance events (e.g., ice storms, wind, insect and disease, fire) or the emergence of 
a later successional stage reduces the aboveground biomass uptake of soil N.  
ACKNOWLEDGMENTS 
This study was supported by grants from the National Science Foundation (DEB-1119709 and 
DEB-1704200) and the Maine Agricultural and Forest Experiment Station (MAFES #ME041507). 
We thank Cheryl Spencer, Mike Handley, and numerous undergraduate and graduate students for 
their assistance in the laboratory and field, and with data handling. This is a MAFES publication. 
REFERENCES 
Aber J.D., McDowell W.H., Nadelhoffer K.J., Magill A.H., Berntson G., McNulty S.G., Currie 
W., Rustad L. & Fernandez I.J. 1998. Nitrogen saturation in forest ecosystems Hypotheses 
revisited. BioScience: 921–934. 
Aber J.D., Nadelhoffer K.J., Steudler P. & Melillo J.M. 1989. Nitrogen saturation in northern 
forest ecosystems. BioScience 39: 378–386. 
Booth M.S., Stark J.M. & Rastetter E. 2005. Controls on nitrogen cycling in terrestrial ecosystems: 
A synthetic analysis of literature data. Ecological Monographs 75: 139–157. 
Butler T.J., Likens G.E., Vermeylen F.M. & Stunder B.J.B. 2003. The relation between NOx 
emissions and precipitation NO3- in the eastern USA. Atmospheric Environment 37: 2093–
2104. 
Campbell J.L., Hornbeck J.W., Mitchell M.J., Adams M.B., Castro M.S., Driscoll C.T., Kahl J.S., 
Kochenderfer J.N., Likens G.E., Lynch J.A., Murdoch P.S., Nelson S.J. & Shanley J.B. 2004. 
Input-output budgets of inorganic nitrogen for 24 forest watersheds in the northeastern United 
States: A review. Water, Air, & Soil Pollution 151: 373–396. 
Carrara J.E., Walter C.A., Hawkins J.S., Peterjohn W.T., Averill C. & Brzostek E.R. 2018. 
Interactions among plants, bacteria, and fungi reduce extracellular enzyme activities under 
long-term N fertilization. Global Change Biology. 
136 
Casson N.J., Eimers C.M. & Buttle J.M. 2010. The contribution of rain-on-snow events to nitrate 
export in the forested landscape of south-central Ontario, Canada. Hydrological Processes 
24: 1985–1993. 
Decina S.M., Templer P.H. & Hutyra L.R. 2018. Atmospheric inputs of nitrogen, carbon, and 
phosphorus across an urban area: Unaccounted fluxes and canopy influences. Earth’s Future 
6: 134–148. 
Dise N.B., Rothwell J.J., Gauci V., Salm C. van der & Vries W. de. 2009. Predicting dissolved 
inorganic nitrogen leaching in European forests using two independent databases. Science of 
the Total Environment 407: 1798–1808. 
Du E., Vries W. De, Galloway J.N., Hu X. & Fang J. 2014. Changes in wet nitrogen deposition in 
the United States between 1985 and 2012. Environmental Research Letters 9. 
Edwards I.P., Zak D.R., Kellner H., Eisenlord S.D. & Pregitzer K.S. 2011. Simulated atmospheric 
N deposition alters fungal community composition and suppresses ligninolytic gene 
expression in a Northern Hardwood forest. PLoS ONE 6: 1–10. 
Elvir J.A., Rustad L.E., Wiersma G.B., Fernandez I.J., White A.S. & White G.J. 2005. Eleven-
year response of foliar chemistry to chronic nitrogen and sulfur additions at the Bear Brook 
Watershed in Maine. Canadian Journal of Forest Research 35: 1402–1410. 
Elvir J.A., Wiersma G.B., Bethers S. & Kenlan P. 2010. Effects of chronic ammonium sulfate 
treatment on the forest at the Bear Brook Watershed in Maine. Environmental Monitoring 
and Assessment 171: 129–147. 
Elvir J.A., Wiersma G.B., Day M.E., Greenwood M.S. & Fernandez I.J. 2006. Effects of enhanced 
nitrogen deposition on foliar chemistry and physiological processes of forest trees at the Bear 
Brook Watershed in Maine. Forest Ecology and Management 221: 207–214. 
Emmett B.A. 2007. Nitrogen saturation of terrestrial ecosystems: Some recent findings and their 
implications for our conceptual framework. Water, Air, & Soil Pollution: Focus 7: 99–109. 
Fatemi F.R., Fernandez I.J., Simon K.S. & Dail D.B. 2016. Nitrogen and phosphorus regulation 
of soil enzyme activities in acid forest soils. Soil Biology and Biochemistry 98: 171–179. 
Fatemi F.R., Fernandez I.J., Szillery J.E., Norton S.A. & Rustad L.E. 2012. Soil solution chemical 
response to two decades of experimental acidification at the bear brook watershed in Maine. 
Water, Air, and Soil Pollution 223: 6171–6186. 
Fernandez I.J., Adams M.B., SanClements M.D. & Norton S.A. 2010. Comparing decadal 
responses of whole-watershed manipulations at the Bear Brook and Fernow experiments. 
Environmental Monitoring and Assessment 171: 149–161. 
Fernandez I.J., Rustad L.E., David M., Nadelhoffer K.J. & Mitchell M.J. 1999. Mineral soil and 
solution responses to experimental N and S enrichment at the Bear Brook Watershed in Maine 
(BBWM). Environmental Monitoring and Assessment 55: 165–185. 
Fernandez I.J., Rustad L.E., Norton S.A., Kahl J.S. & Cosby B.J. 2003. Experimental acidification 
causes soil base-cation depletion at the Bear Brook Watershed in Maine. Soil Science Society 
of America Journal 67: 1909–1919. 
137 
Fernandez I.J., Simmons J.A. & Briggs R.D. 2000. Indices of forest floor nitrogen status along a 
climate gradient in Maine, USA. Forest Ecology and Management 134: 177–187. 
Ferretti M., Calderisi M., Marchetto A., Waldner P., Thimonier A., Jonard M., Cools N., Rautio 
P., Clarke N., Hansen K., Merilä P. & Potočić N. 2015. Variables related to nitrogen 
deposition improve defoliation models for European forests. Annals of Forest Science 72: 
897–906. 
Fitzhugh R.D., Lovett G.M. & Venterea R.T. 2003. Biotic and abiotic immobilization of 
ammonium, nitrite, and nitrate in soils developed under different tree species in the Catskill 
Mountains, New York, USA. Global Change Biology 9: 1591–1601. 
Freedman B., Duinker P.N., Barclay H., Morash R. & Prager U. 1982. Forest biomass and nutrient 
studies in central Nova Scotia. Fredericton, New Brunswick. 
Frey S.D., Ollinger S. V., Nadelhoffer K.J., Bowden R., Brzostek E., Burton A., Caldwell B.A., 
Crow S., Goodale C.L., Grandy A.S., Finzi A., Kramer M.G., Lajtha K., LeMoine J., Martin 
M., McDowell W.H., Minocha R., Sadowsky J.J., Templer P.H. & Wickings K. 2014. 
Chronic nitrogen additions suppress decomposition and sequester soil carbon in temperate 
forests. Biogeochemistry 121: 305–316. 
Gilliam F.S., Walter C.A., Adams M.B. & Peterjohn W.T. 2018. Nitrogen (N) dynamics in the 
mineral soil of a central Appalachian hardwood forest during a quarter century of whole-
watershed N additions. Ecosystems: 1–16. 
Gundersen P., Emmett B.A., Kjønaas O.J.J., Koopmans C.J. & Tietema A. 1998. Impact of 
nitrogen deposition on nitrogen cycling in forests: A synthesis of NITREX data. Forest 
Ecology and Management 101: 37–55. 
Hayhoe K., Wake C.P., Huntington T.G., Luo L., Schwartz M.D., Sheffield J., Wood E., Anderson 
B., Bradbury J., DeGaetano A., Troy T.J. & Wolfe D. 2007. Past and future changes in climate 
and hydrological indicators in the US Northeast. Climate Dynamics 28: 381–407. 
Högberg M.N., Högberg P. & Myrold D.D. 2007. Is microbial community composition in boreal 
forest soils determined by pH, C-to-N ratio, the trees, or all three? Oecologia 150: 590–601. 
Hooker, T. D., & Compton, J. E. (2003). Forest ecosystem carbon and nitrogen accumulation 
during the first century after agricultural abandonment. Ecological Applications, 13(2), 299–
313.  
Houlton B.Z., Driscoll C.T., Fahey T.J., Likens G.E., Groffman P.M., Bernhardt E.S. & Buso D.C. 
2003. Nitrogen dynamics in ice storm-damaged forest ecosystems: Implications for nitrogen 
limitation theory. Ecosystems 6: 431–443. 
Houlton B.Z., Morford S.L. & Dahlgren R.A. 2018. Convergent evidence for widespread rock 
nitrogen sources in Earth’s surface environment. Science 360: 58–62. 
Hunt J.F., Ohno T. & Fernandez I.J. 2008. Influence of foliar phosphorus and nitrogen contents 
on chemical properties of water extractable organic matter derived from fresh and 
decomposed sugar maple leaves. Soil Biology and Biochemistry 40: 1931–1939. 
Irland, L. C. (1998). Ice Storm 1998 and the forests of the Northeast: A preliminary assessment. 
Journal of Forestry, 96(9), 32–40.  
138 
Jefts S., Fernandez I.J., Rustad L.E. & Dail D.B. 2004. Decadal responses in soil N dynamics at 
the Bear Brook Watershed in Maine, USA. Forest Ecology and Management 189: 189–205. 
Kahl J.S., Norton S.A., Fernandez I.J., Rustad L.E. & Handley M. 1999. Nitrogen and sulfur input-
output budgets in the experimental and reference watersheds, Bear Brook Watershed in Maine 
(BBWM). Environmental Monitoring and Assessment 55: 113–131. 
Kahl J.S.J.S., Stoddard J.L., Haeuber R., Paulsen S.G., Birnbaum R., Deviney F. a., Webb J.R., 
DeWalle D.R., Sharpe W.E., Driscoll C.T., Herlihy A.T., Kellogg J.H., Murdoch P.S., Roy 
K., Webster K.E. & Urquhart N.S. 2004. Have U.S. surface waters responded to the 1990 
Clean Air Act Amendments? Environmental Science and Technology: 484A–490A. 
Kelly C., Schoenholtz S. & Adams M.B. 2011. Contrasts in carbon and nitrogen ecosystem 
budgets in adjacent Norway spruce and Appalachian hardwood watersheds in the Fernow 
Experimental Forest, West Virginia. Fourth Interagency Conference on Research in the 
Watersheds: 26–30. 
Kjønaas O.J.J. & Stuanes A.O. 2008. Effects of experimentally altered N input on foliage, litter 
production and increment in a Norway spruce stand, Gårdsjön, Sweden over a 12-year period. 
International Journal of Environmental Studies 65: 431–464. 
Kopáček J., Cosby B.J., Evans C.D., Hruška J., Moldan F., Oulehle F., Šantrůčková H., Tahovská 
K. & Wright R.F. 2013. Nitrogen, organic carbon and sulphur cycling in terrestrial 
ecosystems: Linking nitrogen saturation to carbon limitation of soil microbial processes. 
Biogeochemistry 115: 33–51. 
Lawrence G.B., David M.B., Bailey S.W. & Shortle W.C. 1997. Assessment of soil calcium status 
in red spruce forests in the northeastern United States. Biogeochemistry 38: 19–39. 
Likens G.E., Bormann F.H., Pierce R.S., Eaton J.S. & Johnson N.M. 1977. Biogeochemistry of a 
forested ecosystem. Springer-Verlag, New York, NY. 
Lovett G.M., Arthur M.A., Weathers K.C., Fitzhugh R.D. & Templer P.H. 2013. Nitrogen addition 
increases carbon storage in soils, but not in trees, in an eastern U.S. deciduous forest. 
Ecosystems 16: 980–1001. 
Lovett G.M. & Goodale C.L. 2011. A new conceptual model of nitrogen saturation based on 
experimental nitrogen addition to an oak forest. Ecosystems 14: 615–631. 
Lovett G.M. & Lindberg S.E. 1993. Atmospheric deposition and canopy interactions of nitrogen 
in forests. Canadian Journal of Forest Research 23: 1603–1616. 
Lu M., Yang Y., Luo Y., Fang C., Zhou X., Chen J., Yang X. & Li B. 2011. Responses of 
ecosystem nitrogen cycle to nitrogen addition: a meta-analysis. New Phytologist 189: 1040–
1050. 
Magill A.H., Aber J.D., Berntson G.M., McDowell W.H., Nadelhoffer K.J., Melillo J.M. & 
Steudler P. 2000. Long-term nitrogen additions and nitrogen saturation in two temperate 
forests. Ecosystems 3: 238–253. 
Magill A.H., Aber J.D., Currie W.S., Nadelhoffer K.J., Martin M.E., McDowell W.H., Melillo 
J.M. & Steudler P. 2004. Ecosystem response to 15 years of chronic nitrogen additions at the 
Harvard Forest LTER, Massachusetts, USA. Forest Ecology and Management 196: 7–28. 
139 
McNulty S.G., Boggs J.L., Aber J.D. & Rustad L.E. 2017. Spruce-fir forest changes during a 30-
year nitrogen saturation experiment. Science of the Total Environment 605–606: 376–390. 
McNulty S.G., Cohen E.C., Moore Myers J.A., Sullivan T.J. & Li H. 2007. Estimates of critical 
acid loads and exceedances for forest soils across the conterminous United States. 
Environmental Pollution 149: 281–292. 
Mineau M.M., Fatemi F.R., Fernandez I.J. & Simon K.S. 2014. Microbial enzyme activity at the 
watershed scale: Response to chronic nitrogen deposition and acute phosphorus enrichment. 
Biogeochemistry 117: 131–142. 
Minocha R., Turlapati S.A., Long S., McDowell W.H., Minocha S.C. & Millard P. 2015. Long-
term trends of changes in pine and oak foliar nitrogen metabolism in response to chronic 
nitrogen amendments at Harvard Forest, MA. Tree Physiology 35: 894–909. 
Mitchell M.J., Driscoll C.T., Kahl J.S., Murdoch P.S. & Pardo L.H. 1996. Climatic control of 
nitrate loss from forested watersheds in the northeast United States. Environmental Science 
& Technology 30: 2609–2612. 
Mitchell M.J., Foster N.W., Shepard J.P. & Morrison I.K. 1992. Nutrient cycling in Huntington 
Forest and Turkey Lakes deciduous stands: nitrogen and sulfur. Canadian Journal of Forest 
Research 22: 457–464. 
Moldan F. & Wright R.F. 2011. Nitrogen leaching and acidification during 19 years of NH4NO3 
additions to a coniferous-forested catchment at Grdsjön, Sweden (NITREX). Environmental 
Pollution 159: 431–440. 
Morrison E.W., Pringle A., Diepen L.T.A. van & Frey S.D. 2018. Simulated nitrogen deposition 
favors stress-tolerant fungi with low potential for decomposition. Soil Biology and 
Biochemistry 125: 75–85. 
Morse J.L., Durán J., Beall F., Enanga E.M., Creed I.F., Fernandez I.J. & Groffman P.M. 2015. 
Soil denitrification fluxes from three northeastern North American forests across a range of 
nitrogen deposition. Oecologia 177: 17–27. 
Nadelhoffer K.J., Downs M.R., Fry B., Magill A.H. & Aber J.D. 1999. Controls on N retention 
and exports in a forested watershed. Environmental Monitoring and Assessment 55: 187–210. 
Nave, L. E., Vance, E. D., Swanston, C. W., & Curtis, P. S. (2009). Impacts of elevated N inputs 
on north temperate forest soil C storage, C/N, and net N-mineralization. Geoderma, 153(1–
2), 231–240.  
Norton S.A., Fernandez I.J., Kahl J.S., Rustad L.E., Navrátil T. & Almquist H. 2010. The evolution 
of the science of Bear Brook Watershed in Maine, USA. Environmental Monitoring and 
Assessment 171: 3–21. 
Norton S.A., Kahl J.S., Fernandez I.J., Haines T., Rustad L., Nodvin S., Scofield J., Strickland T., 
Erickson H., Wigington Jr. P. & Lee J. 1999. The Bear Brook Watershed, Maine (BBWM), 
USA. Environmental Monitoring and Assessment 55: 7–51. 
Ohno T., Fernandez I.J., Hiradate S. & Sherman J.F. 2007. Effects of soil acidification and forest 
type on water soluble soil organic matter properties. Geoderma 140: 176–187. 
140 
Oulehle F., Tahovská K., Chuman T., Evans C.D., Hruška J., Růžek M. & Bárta J. 2018. 
Comparison of the impacts of acid and nitrogen additions on carbon fluxes in European 
conifer and broadleaf forests. Environmental Pollution 238: 884–893. 
Pardo L.H., Fenn M.E., Goodale C.L., Geiser L.H., Driscoll C.T., Allen E.B., Baron J.S., Bobbink 
R., Bowman W.D., Clark C.M., Emmett B., Gilliam F.S., Greaver T.L., Hall S.J., Lilleskov 
E.A., Liu L., Lynch J.A., Nadelhoffer K.J., Perakis S.S., Robin-Abbott M.J., Stoddard J.L., 
Weathers K.C. & Dennis R.L. 2011. Effects of nitrogen deposition and empirical nitrogen 
critical loads for ecoregions of the United States. Ecological Applications 21: 3049–3082. 
Pardo L.H., Robin-Abbott M.J., Fenn M.E., Goodale C.L., Geiser L.H., Driscoll C.T., Allen E.B., 
Baron J.S., Bobbink R., Bowman W.D., Clark C.M., Emmett B., Gilliam F.S., Greaver T.L., 
Hall S.J., Lilleskov E.A., Liu L., Lynch J.A., Nadelhoffer K.J., Perakis S.J., Stoddard J.L., 
Weathers K.C. & Dennis R.L. 2015. Effects and empirical critical loads of nitrogen for 
ecoregions of the United States. Ecological Applications, pp. 129–169. 
Patel K.F., Nelson S.J., Spencer C.J. & Fernandez I.J. 2018a. Fifteen–year record of soil 
temperature at the Bear Brook Watershed in Maine. Scientific Data 5: 180153.  
Patel K.F., Nelson S.J., Spencer C.J. & Fernandez I.J. 2018b. Soil temperature record for the Bear 
Brook Watershed in Maine. PANGAEA. https://doi.pangaea.de/10.1594/PANGAEA.885860. 
Roskoski J.P. 1980. Nitrogen fixation in hardwood forests of the northeastern United States. Plant 
and Soil 54: 33–44. 
Salinger M.J. 2005. Climate variability and change: Past, present and future – An overview. 
Climatic Change 70: 9–29. 
SanClements M.D., Fernandez I.J. & Norton S.A. 2010. Soil chemical and physical properties at 
the Bear Brook Watershed in Maine, USA. Environmental Monitoring and Assessment 171: 
111–128. 
Simon K.S., Chadwick M.A., Huryn A.D. & Valett H.M. 2010. Stream ecosystem response to 
chronic deposition of N and acid at the Bear Brook Watershed, Maine. Environmental 
Monitoring and Assessment 171: 83–92. 
Smithwick E.A.H., Eissenstat D.M., Lovett G.M., Bowden R.D., Rustad L.E. & Driscoll C.T. 
2013. Root stress and nitrogen deposition: Consequences and research priorities. New 
Phytologist 197: 712–719. 
Stoddard J.L. 1994. Long-term changes in watershed retention of nitrogen - Its causes and aquatic 
consequences. Environmental Chemistry of Lakes and Reservoirs 237: 223–284. 
Stone M.M., Weiss M.S., Goodale C.L., Adams M.B., Fernandez I.J., German D.P. & Allison S.D. 
2012. Temperature sensitivity of soil enzyme kinetics under N-fertilization in two temperate 
forests. Global Change Biology 18: 1173–1184. 
Szillery J.E., Fernandez I.J., Norton S.A., Rustad L.E. & White A.S. 2006. Using ion-exchange 
resins to study soil response to experimental watershed acidification. Environmental 
Monitoring and Assessment 116: 383–398. 
141 
Tatariw C., MacRae J.D., Fernandez I.J., Gruselle M.-C., Salvino C.J. & Simon K.S. 2018. 
Chronic nitrogen enrichment at the watershed scale does not enhance microbial phosphorus 
limitation. Ecosystems 21: 178–189. 
Templer P.H., Lovett G.M., Weathers K.C., Findlay S.E. & Dawson T.E. 2005. Influence of tree 
species on forest nitrogen retention in the Catskill Mountains, New York, USA. Ecosystems 
8: 1–16. 
Templer P.H., Mack M.C., Chapin F.S., Christenson L.M., Compton J.E., Crook H.D., Currie 
W.S., Curtis C.J., Dail D.B. & D’antonio C.M. 2012a. Sinks for nitrogen inputs in terrestrial 
ecosystems: a meta-analysis of 15N tracer field studies. Ecology 93: 1816–1829. 
Templer P.H., Pinder R.W. & Goodale C.L. 2012b. Effects of nitrogen deposition on greenhouse-
gas fluxes for forests and grasslands of North America. Frontiers in Ecology and the 
Environment 10: 547–553. 
Thomas R.Q., Canham C.D., Weathers K.C. & Goodale C.L. 2010. Increased tree carbon storage 
in response to nitrogen deposition in the US. Nature Geoscience 3: 13–17. 
Tietema A., Boxman A.W., Bredemeier M., Emmett B.A., Moldan F., Gundersen P., Schleppi P. 
& Wright R.F. 1998. Nitrogen saturation experiments (NITREX) in coniferous forest 
ecosystems in Europe: A summary of results. Environmental Pollution 102: 433–437. 
Treseder K.K. 2008. Nitrogen additions and microbial biomass: A meta-analysis of ecosystem 
studies. Ecology Letters 11: 1111–1120. 
Van Diepen L.T.A., Frey S.D., Sthultz C.M.C.M., Morrison E.W.E.W., Minocha R., Pringle A. & 
Peters D.P.C. 2015. Changes in litter quality caused by simulated nitrogen deposition 
reinforce the N-induced suppression of litter decay. Ecosphere 6: 1–16. 
Venterea R.T., Groffman P.M., Castro M.S., Verchot L. V., Fernandez I.J. & Adams M.B. 2004. 
Soil emissions of nitric oxide in two forest watersheds subjected to elevated N inputs. Forest 
Ecology and Management 196: 335–349. 
Wallenstein M.D., McNulty S.G., Fernandez I.J., Boggs J. & Schlesinger W.H. 2006. Nitrogen 
fertilization decreases forest soil fungal and bacterial biomass in three long-term experiments. 
Forest Ecology and Management 222: 459–468. 
Wang Z. & Fernandez I.J. 1999. Soil type and forest vegetation influences on forest floor nitrogen 
dynamics at the Bear Brook Watershed in Maine (BBWM). Environmental Monitoring and 
Assessment 55: 221–234. 
Watmough S.A., Aherne J., Alewell C., Arp P., Bailey S., Clair T., Dillon P., Duchesne L., Eimers 
C., Fernandez I.J., Foster N., Larssen T., Miller E., Mitchell M.J. & Page S. 2005. Sulphate, 
nitrogen and base cation budgets at 21 forested catchments in Canada, the United States and 
Europe. Environmental Monitoring and Assessment 109: 1–36. 
Weathers K.C., Simkin S.M.S., Lovett G.M. & Lindberg S.S.E. 2006. Empirical modeling of 
atmospheric deposition in mountainous landscapes. Ecological applications 16: 1590–1607. 
Wexler S.K., Goodale C.L., McGuire K.J., Bailey S.W. & Groffman P.M. 2014. Isotopic signals 
of summer denitrification in a northern hardwood forested catchment. Proceedings of the 
National Academy of Sciences of the United States of America 111: 16413–16418. 
142 
Wuebbles D.J., Easterling D.R., Hayhoe K., Knutson T., Kopp R.E., Kossin J.P., Kunkel K.E., 
LeGrande A.N., Mears C., Sweet W.V., Taylor P.C., Vose R.S. & Wehner M.F. 2017. Our 
globally changing climate. In: Wuebbles D.J., Fahey D.W., Hibbard K.A., D.J. Dokken, 
Stewart B.C. & Maycock T.K. (eds.), Fourth National Climate Assessment, Volume I, U.S. 
Global Change Research Program, Washington, DC, USA, pp. 35–72. 
Yanai R.D., Vadeboncoeur M.A., Hamburg S.P., Arthur M.A., Fuss C.B., Groffman P.M., 
Siccama T.G. & Driscoll C.T. 2013. From missing source to missing sink: Long-term changes 
in the nitrogen budget of a northern hardwood forest. Environmental Science & Technology 
47: 11440–11448. 
Young H., Ribe J.H. & Wainwright K. 1980. Weight tables for trees and shrubs in Maine. Orono 
ME. 
 
143 
CHAPTER 7 
CONCLUSIONS 
The findings reported in this dissertation provide new information on how the nitrogen 
cycle responds to environmental disturbances. Climate trends in recent decades in the northeastern 
USA indicate warmer winters with reduced snowpack and earlier vernal transitions (Hayhoe et al. 
2007; Groffman et al. 2012; Contosta et al. 2017), and temperature fluctuations could increase the 
occurrence of concrete frost in the soil. It is important to understand how these disturbances alter 
nutrient dynamics in the winter, since these seasonal changes could significantly impact 
phenology, nutrient availability, and annual nutrient budgets in these systems.  
Our findings from Chapters 2–4 provide new insights on winter soil processes in Maine’s 
forests. Soil moisture content determines the type of frost formed and the extent of frost damage 
to microbes and roots. Concrete frost increased concentrations of soil extractable C and N 3-4X, 
while granular frost did not alter these concentrations. Frost damage to the microbial community 
was short lived, reflecting recovery from disturbance. Under controlled laboratory conditions, soil 
thaw–freeze disturbance had a negative effect on the soil microbial community, but increased 
frequency of thaw–freeze cycles did not appear to have a cumulative impact on the microbial 
community. This suggests that more frequent mid-winter thaws may not be as great a concern for 
soils as the likely occurrence of at least one thaw even, and the soil moisture content when it 
occurs. Our research also reinforces the importance of forest type when studying soil 
biogeochemical processes. In contrast to other studies in the region that focused on hardwood soils 
(e.g. Boutin and Robitaille 1995; Tierney et al. 2001; Groffman et al. 2011; Campbell et al. 2014), 
we demonstrated that the changes in C and N availability were primarily driven by microbial 
dynamics, and not by plant roots.  
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Our results from BBWM highlight the importance of long-term research when studying 
ecosystem response to ecological change. The BBWM is one of the few long-term (20+ years) 
whole watershed experimental manipulations conducted in the world, and research from our site 
has provided unique insights into the multi-decadal patterns of N enrichment. Chapters 5 and 6 
demonstrated that although soil TN pools were not significantly altered by 25 years of N additions, 
significant increases were seen in NH4+-N and NO3--N concentrations and in nitrification rates. 
After 25 years of treatment, West Bear (WB) soils had ~10X greater NH4+-N and ~200X greater 
NO3--N concentrations compared to East Bear (EB). There was evidence of a shift in ecosystem 
function around 1993, approximately four years into the treatment, after which labile N availability 
and N mineralization rates increased in WB. The N additions increased stream NO3--N exports, 
and the influence of stochastic events was evident in the long-term record. Stream NO3--N 
concentrations notably higher during cold winters (1989–1992) and particularly high after a severe 
ice storm (1998). The N addition treatment increased tree growth in WB, and despite increased N 
accumulation rates, our findings indicate that the trees N demands were not completely satisfied 
by the experimental N additions, and that soils remained a net source of N. While symptoms of N 
enrichment were evident, WB seemed to be in dynamic equilibrium over the last decade. After 25 
years of whole watershed manipulations, WB did not demonstrate advanced stages of N saturation, 
and we suggest that this dynamic equilibrium will persist until aboveground biomass N uptake is 
reduced by stochastic disturbances or when a later successional stage emerges. 
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APPENDIX A 
SUPPLEMENTAL INFORMATION FOR CHAPTER 2  
 
Figure A1. Sampling design for the DBDF site (CON soils). DDBF was the site of a snow removal 
experiment (Tatariw et al. 2017), with reference and manipulated plots, represented as white and 
shaded boxes, respectively in this figure. In this paper, we report results only from the reference 
plots. Surface organic soils were sampled sequentially along a 1x1 m grid, represented by dashed 
lines in the figure.  
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Figure A2. Experimental design at the BBWM site. East Bear Brook (DEC soils) and West Bear 
Brook (DEC+N soils) were the reference and manipulated watersheds, respectively for the multi-
decadal N and S addition experiment (Fernandez et al. 2010). Inset: Transects along which soils 
were sampled. (Soils were randomly sampled at 1 m intervals along each transect.) 
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Table A1. NH4+-N content and changes over time in snowpack and soil in DEC+N soils. We do 
not present data for CON or DEC soils, because those soils did not experience increases in soil 
NH4+-N concentrations during snowmelt. Snow was filtered through Nuclepore™ 0.4 µm 
polycarbonate membrane, and NH4+-N was determined colorimetrically on an Alpkem A/E Ion 
Analyzer (OI Analytics) at the Maine Agricultural and Forest Experiment Station (MAFES) 
Analytical Laboratory. 
Sampling date 
 Snow NH4+-N 
content 
kg ha-1 
 
 Soil NH4+-N 
content  
kg ha-1 
 
       
12 Mar. 2015  6.81   6.73  
17 Apr. 2015  2.76   13.87  
  Δ = –4.05 kg ha-1  Δ = +7.14 kg ha-1 
     
2 May 2015  0.00 (no snow)  9.79  
  Δ = –2.76 kg ha-1  Δ = –4.08 kg ha-1 
       
24 Jan. 2016  0.01   1.17  
7 Mar. 2016  0.00 (no snow)  13.04  
  Δ = –0.01 kg ha-1  Δ = +11.87 kg ha-1 
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SUPPLEMENTAL INFORMATION FOR CHAPTER 3  
Table B1. Results from linear mixed effects models (LME) 
 Source DF F Ratio Prob > F 
SqRt(NH4+-N) — 2015 
 Collection 9 1.3638 0.2261 
 Treatment 1 6.1634 0.0160* 
 Collection*Treatment 9 1.8784 0.0739 
SqRt(NH4+-N) — 2016 
 Collection 11 6.4502 <.0001* 
 Treatment 1 5.0128 0.0285* 
 Collection*Treatment 11 0.8933 0.5513 
SqRt(WEOC) — 2015 
 Collection 9 9.6831 <.0001* 
 Treatment 1 9.9456 0.0026* 
 Collection*Treatment 9 3.0365 0.0051* 
SqRt(PNNM) — 2015 
 Collection 8 6.6042 <.0001* 
 Treatment 1 1.2960 0.2607 
 Collection*Treatment 8 1.0093 0.4420 
SqRt(PNNM) — 2016 
 Collection 11 2.0783 0.0338* 
 Treatment 1 0.0923 0.7622 
 Collection*Treatment 11 1.1747 0.3210 
SqRt(SUVA254) — 2015 
 Collection 9 18.1728 <.0001* 
 Treatment 1 2.8994 0.0942 
 Collection*Treatment 9 4.5396 0.0002* 
SqRt(SUVA254) — 2016 
 Collection 11 8.6987 <.0001* 
 Treatment 1 0.2922 0.5906 
 Collection*Treatment 11 0.8298 0.6110 
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Table B2. ANOVA results for SqRt(NH4+-N), for each sampling date 
Date Source DF Sum of Squares Mean 
Square 
F Ratio Prob > F 
7 Feb. 2015 Treatment 1 0.9754 0.9754 2.3168 0.1788 
 Error 6 2.5260 0.4210   
 C. Total 7 3.5013    
4 Mar. 2015 Treatment 1 0.6057 0.6057 1.8813 0.2193 
 Error 6 1.9319 0.3220   
 C. Total 7 2.5376    
6 Mar. 2015 Treatment 1 0.2627 0.2627 0.1826 0.6841 
 Error 6 8.6331 1.4389   
 C. Total 7 8.8958    
27 Mar. 2015 Treatment 1 3.9171 3.9171 32.0943 0.0013* 
 Error 6 0.7323 0.1221   
 C. Total 7 4.6494    
8 Apr. 2015 Treatment 1 5.1685 5.1685 13.2371 0.0109* 
 Error 6 2.3427 0.3905   
 C. Total 7 7.5113    
15 Apr. 2015 Treatment 1 0.0665 0.0665 0.8957 0.3805 
 Error 6 0.4455 0.0742   
 C. Total 7 0.5120    
22 Apr. 2015 Treatment 1 0.0173 0.0173 0.2510 0.6377 
 Error 5 0.3451 0.0690   
 C. Total 6 0.3624    
29 Apr. 2015 Treatment 1 0.0169 0.0169 0.1190 0.7442 
 Error 5 0.7117 0.1423   
 C. Total 6 0.7286    
14 May 2015 Treatment 1 0.0303 0.0303 0.0679 0.8032 
 Error 6 2.6795 0.4466   
 C. Total 7 2.7098    
3 Jun. 2015 Treatment 1 0.0007 0.0007 0.0016 0.9692 
 Error 6 2.4975 0.4163   
 C. Total 7 2.4982    
28 Jan. 2016 Treatment 1 3.7747 3.7747 10.9112 0.0163* 
 Error 6 2.0757 0.3460   
 C. Total 7 5.8504    
18 Feb. 2016 Treatment 1 0.0662 0.0662 0.1487 0.7156 
 Error 5 2.2267 0.4453   
 C. Total 6 2.2930    
3 Mar. 2016 Treatment 1 0.0288 0.0288 0.0323 0.8632 
 Error 6 5.3489 0.8915   
 C. Total 7 5.3777    
8 Mar. 2016 Treatment 1 0.0116 0.0116 0.0146 0.9079 
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Table B2 continued 
Date Source DF Sum of Squares Mean 
Square 
F Ratio Prob > F 
 Error 6 4.7964 0.7994   
 C. Total 7 4.8080    
16 Mar. 2016 Treatment 1 0.9259 0.9259 18.1210 0.0053* 
 Error 6 0.3066 0.0511   
 C. Total 7 1.2324    
23 Mar. 2016 Treatment 1 0.0148 0.0148 0.0266 0.8768 
 Error 5 2.7763 0.5553   
 C. Total 6 2.7910    
30 Mar. 2016 Treatment 1 0.1953 0.1953 0.7254 0.4271 
 Error 6 1.6152 0.2692   
 C. Total 7 1.8104    
13 Apr. 2016 Treatment 1 0.0377 0.0377 0.2587 0.6292 
 Error 6 0.8733 0.1455   
 C. Total 7 0.9109    
21 Apr. 2016 Treatment 1 0.2254 0.2254 1.8244 0.2255 
 Error 6 0.7414 0.1236   
 C. Total 7 0.9668    
13 May 2016 Treatment 1 0.0091 0.0091 0.0154 0.9052 
 Error 6 3.5470 0.5912   
 C. Total 7 3.5561    
21 May 2016 Treatment 1 0.1946 0.1946 0.5644 0.4809 
 Error 6 2.0691 0.3448   
 C. Total 7 2.2637    
8 Jun. 2016 Treatment 1 0.2437 0.2437 3.6053 0.1064 
 Error 6 0.4056 0.0676   
 C. Total 7 0.6493    
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Table B3. ANOVA results for SqRt(SUVA254), for each sampling date 
Date Source DF Sum of Squares Mean 
Square 
F Ratio Prob > F 
7 Feb. 2015 Treatment 1 0.0008 0.0008 0.0101 0.9231 
 Error 6 0.4448 0.0741   
 C. Total 7 0.4455    
4 Mar. 2015 Treatment 1 0.0000 0.0000 0.0049 0.9464 
 Error 6 0.0348 0.0058   
 C. Total 7 0.0348    
6 Mar. 2015 Treatment 1 0.2711 0.2711 0.8258 0.3985 
 Error 6 1.9696 0.3283   
 C. Total 7 2.2407    
27 Mar. 2015 Treatment 1 2.7244 2.7244 17.8563 0.0055* 
 Error 6 0.9154 0.1526   
 C. Total 7 3.6398    
8 Apr. 2015 Treatment 1 0.6406 0.6406 16.9884 0.0062* 
 Error 6 0.2262 0.0377   
 C. Total 7 0.8668    
15 Apr. 2015 Treatment 1 0.0995 0.0995 0.8317 0.3969 
 Error 6 0.7178 0.1196   
 C. Total 7 0.8173    
22 Apr. 2015 Treatment 1 0.0000 0.0000 0.0001 0.9942 
 Error 5 0.0995 0.0199   
 C. Total 6 0.0995    
29 Apr. 2015 Treatment 1 0.4533 0.4533 3.1883 0.1342 
 Error 5 0.7109 0.1422   
 C. Total 6 1.1642    
14 May 2015 Treatment 1 0.0007 0.0007 0.0181 0.8973 
 Error 6 0.2398 0.0400   
 C. Total 7 0.2406    
3 Jun. 2015 Treatment 1 0.0125 0.0125 1.1080 0.3331 
 Error 6 0.0677 0.0113   
 C. Total 7 0.0801    
28 Jan. 2016 Treatment 1 0.0006 0.0006 0.0932 0.7705 
 Error 6 0.0359 0.0060   
 C. Total 7 0.0364    
18 Feb. 2016 Treatment 1 0.0093 0.0093 0.5940 0.4757 
 Error 5 0.0780 0.0156   
 C. Total 6 0.0873    
3 Mar. 2016 Treatment 1 0.0179 0.0179 0.4890 0.5155 
 Error 5 0.1825 0.0365   
 C. Total 6 0.2004    
8 Mar. 2016 Treatment 1 0.0650 0.0650 0.7111 0.4314 
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Table B3 continued 
Date Source DF Sum of Squares Mean 
Square 
F Ratio Prob > F 
 Error 6 0.5487 0.0915   
 C. Total 7 0.6137    
16 Mar. 2016 Treatment 1 0.0155 0.0155 1.3890 0.2832 
 Error 6 0.0671 0.0112   
 C. Total 7 0.0826    
23 Mar. 2016 Treatment 1 0.0061 0.0061 0.1509 0.7111 
 Error 6 0.2428 0.0405   
 C. Total 7 0.2489    
30 Mar. 2016 Treatment 1 0.0023 0.0023 0.1981 0.6719 
 Error 6 0.0684 0.0114   
 C. Total 7 0.0707    
13 Apr. 2016 Treatment 1 0.0392 0.0392 3.5128 0.1100 
 Error 6 0.0669 0.0112   
 C. Total 7 0.1061    
21 Apr. 2016 Treatment 1 0.0262 0.0262 1.6990 0.2402 
 Error 6 0.0926 0.0154   
 C. Total 7 0.1188    
13 May 2016 Treatment 1 0.0007 0.0007 0.0903 0.7739 
 Error 6 0.0462 0.0077   
 C. Total 7 0.0469    
21 May 2016 Treatment 1 0.0586 0.0586 1.1808 0.3189 
 Error 6 0.2979 0.0496   
 C. Total 7 0.3565    
8 Jun. 2016 Treatment 1 0.0043 0.0043 0.6537 0.4496 
 Error 6 0.0399 0.0066   
 C. Total 7 0.0442    
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Table B4. Oven-dry fine root biomass for April 8, 2015 (during the concrete frost). Fine roots (< 
2 mm diameter) were removed from soil samples and rinsed with deionized water. They were then 
dried in the oven at 65 °C for 24 hours, until a constant weight was achieved. Values are reported 
as mean ± standard error (n = 4). The letters following the values indicate that the differences 
between REF and TRT were not statistically significant.  
 
 REF TRT 
Oven-dry fine root biomass  
(mg cm-3) 
2.03 ± 0.45a 1.76 ± 0.45a 
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APPENDIX C 
SUPPLEMENTAL MATERIAL FOR CHAPTER 4 
Table C1. Absolute values of extractable ammonium (NH4+-N) and nitrate (NO3--N) concentrations for each forest-watershed 
combination. EB = East Bear Brook (reference watershed), WB = West Bear Brook (treated watershed). Numbers are reported as mean 
(standard error). Asterisks denote statistically significant differences between watersheds within each forest type at α = 0.05.  
 
 
Year n 
NH4
+-N  NO3
--N 
mg kg-1  mg kg-1 
  Deciduous  Coniferous  Deciduous  Coniferous 
  EB WB  EB WB  EB WB  EB WB 
1992 20 54 (3) 65 (8)  40 (3) 62 (4) *  0.66 (0.29) 3.4 (1.2)  0.24 (0.01) 0.26 (0.01) 
1995 9 11 (2) 31 (6) *  21 (2) 26 (4)  0.15 (0.03) 0.24 (0.02) *  0.20 (0.02) 0.29 (0.07) 
1997 14 76 (7) 144 (25) *  108 (11) 100 (11)  0.30 (0.04) 26 (5) *  0.53 (0.13) 1.8 (0.4) * 
1998 20 49 (3) 97 (14) *  63 (7) 68 (6)  2.6 (0.7) 13 (4)  0.10 (0.05) 4.3 (1.6) * 
2000 8 44 (7) 44 (8)  72 (15) 23 (3) *  0.25 (0.11) 8.8 (5.1)  1.1 (0.3) 5.6 (1.6) * 
2001 20 52 (5) 123 (24) *  71 (12) 62 (7)  0.10 (0.01) 4.1 (1.0) *  0.37 (0.11) 4.8 (0.8) * 
2003 8 31 (3) 47 (6) *  28 (2) 30 (5)  0.07 (0.06) 0.77 (0.41) *  0.02 (0.01) 2.5 (1.2) * 
2004 8 44 (6) 105 (38)  51 (10) 47 (9)  0.17 (0.05) 6.0 (2.4) *  0.23 (0.08) 2.4 (0.8) * 
2005 4 28 (5) 70 (19)  39 (7) 36 (9)  0.00 (0.00) 1.5 (0.8) *  0.00 (0.00) 0.88 (0.39) * 
2012 15 27 (4) 132 (18) *  44 (4) 52 (10)  0.20 (0.03) 19 (4) *  0.25 (0.02) 2.6 (0.6) * 
2013 4 2.7 (2) 17 (5) *  7.3 (2.9) 9.3 (3.8)  0.09 (0.00) 7.3 (4.9) *  0.09 (0.00) 0.15 (0.08) 
2015 16 11 (1) 69 (12) *  16 (3) 21 (5)  0.18 (0.09) 15 (4) *  0.06 (0.00) 0.99 (0.50) 
2016 6 4.7 (0.7) 47 (19) *     0.06 (0.00) 10 (5)    
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Table C2. Absolute values of net N mineralization (NNM) and net nitrification (NN) rates from field incubations for each forest-
watershed combination. EB = East Bear Brook (reference watershed), WB = West Bear Brook (treated watershed). Numbers are reported 
as mean (standard error). Asterisks denote statistically significant differences between watersheds within each forest type at α = 0.05.  
 
 
  
Year n NNM (field incubations)  NN (field incubations) 
  mg N kg-1 day-1  mg N kg-1 day-1 
  Deciduous  Coniferous  Deciduous  Coniferous 
  EB WB  EB WB  EB WB  EB WB 
1997 10 2.2 (0.7) 3.2 (0.9)  1.2 (0.5) 1.3 (0.2)  0.09 (0.08) 1.1 (0.3) *  0.06 (0.04) 0.01 (0.00)- 
1998 20 13 (2) 13 (2)  5.1 (0.6) 8.4 (0.7) *  2.4 (0.6) 2.7 (0.5)  0.03 (0.01) 1.6 (0.4) * 
2000 8 3.3 (0.8) 3.3 (0.8)  4.4 (0.6) 3.5 (0.6)  0.05 (0.03) 1.5 (0.3) *  0.10 (0.02) 0.32 (0.07) * 
2001 20 5.4 (1.1) 5.4 (1.1)  1.9 (0.5) 4.1 (0.8)  0.12 (0.08) 1.6 (0.7) *  0.05 (0.03) 0.83 (0.21) * 
2003 8 1.9 (0.7) 1.9 (0.7)  1.5 (0.3) 2.0 (0.5)  0.04 (0.02) 0.60 (0.24) *  0.02 (0.01) 0.19 (0.08) * 
2004 8 2.9 (0.6) 2.9 (0.6)  1.4 (0.5) 2.8 (0.8)  0.01 (0.00) 1.3 (0.2) *  0.02 (0.01) 0.25 (0.07) * 
2005 4 2.4 (0.2) 2.4 (0.2)  1.9 (0.8) 2.4 (0.5)  0.00 (0.00) 2.8 (0.7) *  0.00 (0.00) 1.3 (0.4) * 
2012 3 5.2 (1.3) 5.2 (1.3)  -0.08 (1.02) -0.57 (1.12)  0.00 (0.00) 2.0 (0.2) *  0.06 (0.04) 0.94 (0.39) * 
2015 10 1.9 (0.3) 1.9 (0.3)  1.4 (0.5) 1.5 (0.3)  0.07 (0.07) 2.0 (0.2) *  0.01 (0.01) 0.22 (0.10) * 
176 
Table C3. Absolute values of net N mineralization (NNM) and net nitrification (NN) rates from laboratory incubations for each forest-
watershed combination. EB = East Bear Brook (reference watershed), WB = West Bear Brook (treated watershed). Numbers are reported 
as mean (standard error). Asterisks denote statistically significant differences between watersheds within each forest type at α = 0.05.  
 
  
Year n NNM (laboratory incubations)  NN (laboratory incubations) 
  mg N kg-1 day-1  mg N kg-1 day-1 
  Deciduous  Coniferous  Deciduous  Coniferous 
  EB WB  EB WB  EB WB  EB WB 
1992 20 0.21 (0.09) 0.10 (0.15)  0.06 (0.05) -0.01 (0.05)  0.03 (0.02) 0.12 (0.05) *  0.00 (0.00) 0.01 (0.01) 
1995 9 2.1 (0.5) 20 (2) *  9.0 (2.6) 19 (1) *  0.01 (0.01) 0.03 (0.03)  0.03 (0.03) 0.71 (0.43) 
1997 4 17 (3) 22 (3)  12 (4) 5.3 (1.3)  0.00 (0.02) 8.6 (3.7) *  0.01 (0.01) 0.03 (0.02) 
2000 8 6.3 (0.6) 24 (4) *  6.8 (1.1) 7.7 (0.5)  0.06 (0.03) 5.6 (1.7) *  0.28 (0.11) 1.1 (0.5) 
2001 20 7.4 (0.8) 16 (4)  5.3 (1.0) 8.7 (1.2) *  0.20 (0.16) 5.1 (0.9) *  0.10 (0.05) 2.2 (0.4) * 
2015 13 3.5 (0.4) 6.4 (0.8) *  3.1 (0.5) 4.2 (1.0)  0.16 (0.15) 2.8 (0.52) *  0.02 (0.02) 1.3 (0.5) * 
2016 6 4.5 (1.1) 8.1 (1.4)     0.03 (0.02) 3.6 (0.67) *    
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Table C4. Absolute values of nitrification fraction for field and laboratory incubations. EB = East Bear Brook (reference watershed), 
WB = West Bear Brook (treated watershed). Asterisks denote statistically significant differences between watersheds within each forest 
type at α = 0.05.  
 
  
Year n Nitrification fraction (field incubations)  Nitrification fraction (laboratory incubations) 
  %  % 
  Deciduous  Coniferous  Deciduous  Coniferous 
  EB WB  EB WB  EB WB  EB WB 
1992 20       12 (5) 58 (13) *  0.00 (0.00) 17 (17) 
1995 9       0.24 (0.24) 0.18 (0.18)  0.45 (0.45) 3.2 (2.0) 
1997 4 5.1 (4.0) 40 (11) *  6.5 (4.9) 0.89 (0.41)  0.12 (0.07) 38 (14) *  0.22 (0.13) 1.8 (1.3) 
1998 20 15 (4) 27 (4) *  0.65 (0.19) 21 (6) *       
2000 8 3.3 (2.0) 26 (5) *  2.8 (0.9) 12 (3) *  1.4 (0.8) 27 (8) *  5.4 (2.3) 16 (7) 
2001 20 3.2 (1.9) 21 (8)  9.4 (7.2) 19 (4) *  2.6 (2.1) 41 (10) *  6.6 (5.2) 29 (5) * 
2003 8 7.3 (6.7) 15 (5) *  1.3 (0.8) 13 (4) *       
2004 8 0.42 (0.24) 50 (16) *  1.2 (0.6) 26 (13)       
2005 4 0.00 (0.00) 36 (8) *  0.00 (0.00) 63 (19)       
2012 3 0.04 (0.02) 60 (40)  2.6 100 (0)       
2015 10 2.5 (2.6) 50 (4) *  0.90 (0.59) 19 (8) *  6.5 (6.2) 48 (7) *  0.67 (0.44) 31 (10) * 
2016 6       1.3 (0.9) 56 (15) *  0.00 (0.00) 17 (17) 
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Table C5. Annual average values of soil total carbon (TC), total nitrogen (TN), and C:N ratio for each combination of watershed and 
forest type. EB = East Bear Brook (reference watershed), WB = West Bear Brook (treated watershed). Asterisks represent significant 
differences between watersheds (EB and WB) within each forest type at α = 0.05. 
 
Year n TC (%) TN (%) C:N  TC (%) TN (%) C:N 
         
  EB—deciduous  WB—deciduous 
1992 20 34 (2) 1.6 (0.1) 23 (1)  35 (2) 1.5 (0.1) 23 (1) 
1995 9 22 (3) 0.9 (0.1) 23 (1)    46 (2) *   2.1 (0.1) * 22 (0) 
1997 4 37 (3) 1.5 (0.2) 26 (1)  42 (1) 1.9 (0.1) 22 (2) 
1998 20 34 (1) 1.6 (0.1) 22 (1)  34 (1) 1.4 (0.1) 23 (1) 
2012 10 42 (1) 1.7 (0.0) 24 (0)  42 (1) 1.8 (0.0) 23 (1) 
2015 4 31 (1) 1.4 (0.1) 23 (0)  35 (6) 1.6 (0.2) 22 (1) 
  EB—coniferous  WB—coniferous 
1992 12 41 (1) 1.4 (0.1) 31 (2)  42 (1) 1.3 (0.1) 33 (1) 
1995 9 38 (3) 1.4 (0.1) 27 (1)    48 (1) *   2.1 (0.1) *   23 (1) * 
1997 4 41 (2) 1.7 (0.1) 25 (1)  39 (1) 1.5 (0.1) 26 (2) 
1998 20 41 (1) 1.4 (0.0) 29 (1)    38 (1) * 1.5 (0.1)   26 (1) * 
2012 10 50 (2) 1.6 (0.1) 31 (0)    41 (1) * 1.6 (0.1)   26 (1) * 
2015 4 39 (2) 1.4 (0.0) 29 (2)  34 (5) 1.3 (0.0) 27 (3) 
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Table D1. Coefficients for allometric equations, from Young et al. (1980). 
 
 Leaves  Branches  Stem  Stump-root 
 B0 B1  B0 B1  B0 B1  B0 B1 
American beech -1.425206 1.915755  -0.6378431 2.363409  1.046266 2.299741  -0.04815769 2.252246 
Red maple -1.195522 1.832173  -0.9564566 2.205549  0.5683678 2.489847  -0.3447348 2.33344 
Red spruce -0.7980554 2.138061  -1.351318 2.338385  0.3960433 2.374645  -0.5300824 2.326303 
Sugar maple -1.560981 1.890057  -1.397107 2.551493  1.10715 2.289422  -0.08274315 2.263693 
Yellow birch -1.533715 1.978348  -0.8257923 2.379461  0.7512302 2.34119  -0.2962967 2.32227 
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Table D2. Tree biomass and biomass accumulation values, and oven-dried soil mass values for 
the two watersheds. Asterisks denote significant differences between watersheds (α = 0.05). For 
vegetation, n = 5. For soils, n = 10. 
 
East Bear  
(reference) 
 West Bear  
(treated) 
 Mean SE  Mean SE 
Hardwood stands      
Tree biomass, kg ha-1 167,606 12,621  241,176* 24,695 
Tree biomass accumulation, kg ha-1 yr-1 4,777 101  6,789* 593 
      
Total pedon mass, kg ha-1 3,080,129 586,501  3,857,571 552,052 
Organic soil, kg ha-1 163,136  28,812  116,402  22,601 
Mineral soil, kg ha-1 2,916,993 587,721  3,741,169 570,266 
      
Softwood stands      
Tree biomass, kg ha-1 281,775 20,847  322,319 19,335 
Tree biomass accumulation, kg ha-1 yr-1 7,997 683  6,615 1262 
      
Total pedon mass, kg ha-1 3,788,987 651,256  3,233,910 513,393 
Organic soil, kg ha-1 166,954 20,492  246,674* 22,165 
Mineral soil, kg ha-1 3,622,033 649,816  2,987,237 518,782 
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Table D3. Tissue N concentration in vegetation at BBWM (measured for the period 2010–2013). 
Asterisks denote significant differences between watersheds (α = 0.05). 
 
East Bear  
(reference) 
 West Bear  
(treated) 
 Mean TN, % SE n  Mean TN, % SE n 
Foliage    
 
   
American beech 2.51 0.05 15  2.46 0.10 9 
Red maple 1.92 0.04 15   2.13* 0.07 9 
Red spruce 0.99 0.03 28   1.12* 0.03 28 
Sugar maple 1.91 0.06 15   2.17* 0.05 8 
Yellow birch 2.36 0.05 15  2.48 0.10 10 
        
Wood 
 
   
 
  
American beech 0.25 0.03 4  0.17 0.01 2 
Red maple 0.20 0.03 3  0.09 0.00 1 
Red spruce 0.17 0.04 3  0.23 0.03 4 
Sugar maple 0.26  1  0.30 0.04 3 
Yellow birch 0.15 0.01 3  0.20 0.02 3 
        
Bark 
 
 
 
 
 
 
 
American beech 0.89 0.08 3  0.95 0.07 2 
Red maple 0.50 0.06 2  0.58 0.04 3 
Red spruce 0.30 0.01 3  0.34 0.00 1 
Sugar maple 0.56 0.02 3  0.56 0.04 3 
Yellow birch 0.51  1   0.47* 0.01 3 
        
Woody litter (branches) 
 
   
 
  
HW 0.55 0.05 4  0.66 0.11 4 
SW 0.69 0.04 9  0.69 0.08 8 
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Table D4. Total N concentration by soil increment for each compartment at BBWM. Data are 
for the 2010 quantitative pits. Asterisks denote significant differences between watersheds  
(α = 0.05). 
 
East Bear  
(reference) 
 West Bear  
(treated) 
 Mean TN, % SE n  Mean TN, % SE n 
Hardwood compartment   
  
  
 
Organic 1.22 0.10 10  1.53* 0.07 10 
Mineral 0-5 cm 0.45 0.05 10  0.41 0.02 10 
Mineral 5-25 cm 0.32 0.03 10  0.30 0.03 10 
Mineral 25 cm-C 0.22 0.05 7  0.18 0.02 10 
Mineral C 0.19 0.05 8  0.12 0.02 8 
        
Softwood compartment        
Organic 1.49 0.05 10  1.45 0.05 10 
Mineral 0-5 cm 0.35 0.04 10  0.43 0.03 10 
Mineral 5-25 cm 0.29 0.04 9  0.35 0.03 10 
Mineral 25 cm-C 0.27 0.04 9  0.26 0.04 5 
Mineral C 0.12 0.02 7  0.16 0.02 10 
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APPENDIX E 
VERNAL TRANSITION PILOT STUDY (2014) 
Soil samples were collected from East Bear (EB) hardwood stands during winter–spring of 2014, 
in a pilot study to examine seasonal changes in soil C and N availability.  
Figure E1. (a) air temperature, (b) soil temperature, and (c) snow depth dynamics from January 
to June of 2014. Soil temperature remained more or less constant under the snowpack and began 
increasing during March–April.  
184 
Figure E2. (a) ammonium concentrations, (b) water extractable organic carbon concentrations, 
and (c) specific UV absorbance values for the soils during the study period. NH4+-N and WEOC 
concentrations were highest under the snowpack in January, and declined post-melt. SUVA254 
values were lowest under the snowpack and increased post-melt, suggesting a lower dominance of 
labile WEOC during the growing season.   
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APPENDIX F 
SEASONALITY OF N AT BBWM IN 2015 
These figures track the temporal changes in soil-available (a) ammonium and (b) nitrate in the 
hardwood stands at East Bear and West Bear during 2015. These data were obtained from the 
studies described in Chapter 2 and Chapter 5. Both NH4+-N and NO3--N increased in WB during 
April–May, attributed to the microbial turnover associated with the vernal transition, and 
subsequent flushing of inorganic N released. NO3--N values in EB were below the detectable limit 
throughout. 
 
Figure F1. Time series plots of soil exchangeable NH4+-N and NO3--N during 2015. 
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APPENDIX G 
TEMPORAL PROGRESSION OF SOIL RESPIRATION FOLLOWING A THAW 
In a pilot study, soils were frozen at -10 °C, and the temporal progression of CO2 flux (respiration) 
was measured as the soils thawed. Soils were held frozen at three moisture levels, A = 216% (field 
moisture), B = 260% (field moisture + ~50%), and C = 317% (field moisture + ~100%) to 
determine if soil moisture content influenced respiration. There was no difference in the CO2 flux 
between moisture levels A and B, and these soils showed peak CO2 flux around 6–12 hours into 
the thaw. In comparison, soils held at moisture level C showed higher CO2 fluxes at 12–24 hours 
into the thaw.  
 
Figure G1. Temporal progression of soil CO2 flux during a thaw.  
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APPENDIX H 
COMPARISON OF N EXTRACTION METHODS 
These results demonstrate differences between methods used for inorganic N extraction from soils 
at BBWM. Four soils (East Bear O horizon, East Bear B horizon, West Bear O horizon, and West 
Bear B horizon) were extracted with 2M KCl in a 1:10 ratio. Extraction was performed (a) on a 
mechanical shaker (“shaking”) for 30 or 60 minutes, or (b) by leaving the soil:KCl mixture 
undisturbed at 25 °C for 24 or 48 hours. An analysis of variance (ANOVA) performed of NH4+-N 
concentration vs. extraction time (with soil type as a blocking factor) indicated that:  
48 hour > 24 hour > 60 min = 30 min. 
 
 
Figure H1. Soil extractable NH4+-N concentrations for different extraction procedures.  
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APPENDIX I 
FIFTEEN–YEAR RECORD OF SOIL TEMPERATURE  
AT THE BEAR BROOK WATERSHED IN MAINE 
Citation: Patel K.F., Nelson S.J., Spencer C.J. & Fernandez I.J. 2018. Fifteen-year record of soil 
temperature at the Bear Brook Watershed in Maine. Scientific Data 5: 180153. DOI: 
10.1038/sdata.2018.153. 
ABSTRACT 
This paper describes a record of air and soil temperature collected from 2001 to 2016 in 
temperate forests at the Bear Brook Watershed in Maine (BBWM). BBWM is a long-term research 
site established to study the response of forest ecosystem function to various environmental 
disturbances, including chronic acidic deposition. Replicate HOBO™ data loggers were deployed 
in BBWM’s two forest types (coniferous and deciduous), to record temperatures at four positions: 
(1) air temperature, 100 cm above the forest floor; (2) surface organic soil, 2 cm below the forest 
floor surface; (3) mineral soil, 10 cm below the organic–mineral horizon interface; and (4) mineral 
soil, 25 cm below the organic–mineral horizon interface. Data were recorded every three hours, 
and these raw data were used to compute daily maximum, daily minimum, daily average, and 
monthly average values. This fifteen–year record represents one of the few readily–available soil 
temperature datasets in the region, and provides information on long-term changes in climatology, 
and seasonal and episodic weather patterns. 
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BACKGROUND & SUMMARY 
Soil temperature is an important driver of terrestrial biogeochemical processes. Soil 
temperature influences microbial and plant activity (Schimel et al. 2004; Kreyling et al. 2012; 
Templer 2012; Repo et al. 2014), and therefore plays a critical role in the cycling of nutrients like 
carbon and nitrogen (Campbell et al. 1971; Knoepp and Swank 2002; Davidson and Janssens 2006; 
Contosta et al. 2011; Larsen et al. 2011; Conant et al. 2011; Bai et al. 2013). Phenological changes 
occurring during seasonal transitions are often strongly influenced by changing soil temperatures 
(Baldocchi et al. 2005; Groffman et al. 2012; Contosta et al. 2017). Despite the importance of soil 
temperature for ecosystem function, long-term datasets of soil temperature are not commonly 
available, even fewer are available at multiple soil depths, and models often use air temperature as 
a proxy or basis for simulations of soil temperature (Zheng et al. 1993; Yin and Arp 1993; Coleman 
and Jenkinson 1996; Brown et al. 2000; Liang et al. 2014). While air and soil temperatures are 
often well correlated, soil temperature is also influenced by environmental variables such as forest 
composition and canopy cover (Redding et al. 2003; Likens et al. 2004), snow cover (Groffman et 
al. 2001; Decker et al. 2003; Tatariw et al. 2017), and soil moisture (Zheng et al. 1993; Zhou et al. 
2007), which may not be adequately parameterized into the models to provide suitable 
pedotransfer functions. Additionally, disturbances can alter soil temperatures on temporal scales 
(Likens et al. 2004; Tatariw et al. 2017) due to changes in canopy structure and understory 
vegetation, organic debris on the forest floor, or snowpack loss in winter, and these may not be 
reflected in the soil temperature simulations. Access to long-term datasets of empirical soil 
temperature measurements is therefore valuable when studying ecosystem processes over short 
and long time intervals, made even more important in a time of accelerating changes in the climate 
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including warming temperatures, the intensification of the hydrologic cycle, and increased inter- 
and intra-annual variability in weather (Salinger 2005; Hayhoe et al. 2007; Campbell et al. 2009).  
The objective of this paper is to provide a 15-year dataset of soil temperature from the Bear 
Brook Watershed in Maine (BBWM). BBWM is a long-term whole-watershed acidification 
experiment in eastern Maine, USA (44°52'N, 68°06'W), established to study the effects of elevated 
nitrogen and sulfur deposition on ecosystem processes (Fig. 1). BBWM is comprised of paired 
watersheds, the reference East Bear Brook (EB, 11.0 ha) and the manipulated West Bear Brook 
(WB, 10.3 ha) that received bimonthly ammonium sulfate additions from 1989 to 2016 (Norton et 
al. 2010). Vegetation is similar in both watersheds, with lower elevations dominated by deciduous 
species including Fagus grandifolia (American beech), Acer saccharum (sugar maple), and Acer 
rubrum (red maple), and higher elevations dominated by coniferous species including Picea 
rubens (red spruce) and Abies balsamea (balsam fir). Thus, each watershed is split into two 
compartments, with a total of four compartments at the site (East Bear–deciduous, East Bear–
coniferous, West Bear–deciduous, and West Bear–coniferous). Soils are coarse-loamy, mixed, 
frigid Typic and Aquic Haplorthods (Lyman, Tunbridge, Rawsonville, Dixfield, Colonel series) 
(Norton et al. 1999; SanClements et al. 2010). Since 2001, air and soil temperatures have been 
recorded at the site to gain a better understanding of the biogeochemical processes occurring in the 
watersheds. Temperature has been measured in the organic and underlying mineral soil horizons 
to characterize temporal variability in soil temperature with depth (Illston and Fiebrich 2017). Soil 
temperatures have also been measured in both forest types to account for differences in canopy 
cover. In this paper, we describe the instrumentation, data collection, and data handling for this 
temperature dataset.  
 
191 
Figure I1. Location and layout of the Bear Brook Watershed in Maine (BBWM), with paired 
watersheds East Bear Brook and West Bear Brook. The markers represent locations of the 
HOBO™ temperature data loggers described in this paper, with circles representing data loggers 
in deciduous stands, and triangles representing data loggers in the coniferous stands. Contour lines 
represent 20-foot intervals. 
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METHODS 
Instrumentation 
Temperature was recorded using Onset HOBO™ data loggers H8 and U12, with TMC1-
HD and TMC6-HD temperature sensors (Onset Computer Corporation, Bourne, MA, USA). In 
July 2001, four data loggers were deployed in each forest type at the site (two data loggers in each 
compartment). From June 2003 to August 2007, four additional data loggers were deployed in 
each forest type to examine spatial heterogeneity in temperature measurements (total n=8 per forest 
type). Due to limited availability of resources, after August 2007, replication was reduced to four 
data loggers in each forest type. We tested for the effect of replication size using linear mixed 
effect models, and replication size did not significantly alter the final means. Further details are 
included in the Technical Validation section, and results are reported in Table I1. 
Each data logger was equipped with four sensors to measure temperature at four positions: 
(1) air temperature, 100 cm above the forest floor surface; (2) surface organic (O) horizon, where 
the sensor was placed 2-3 cm below the forest floor surface; (3) 10 cm below the interface of 
organic and mineral horizons, which corresponded to placement in the B horizon; and (4) 25 cm 
below the interface of organic and mineral horizons, which corresponded to the lower B or BC 
horizon. Data loggers were mounted on wooden stakes and enclosed in PVC towers for protection 
from damage by wildlife. Air and soil temperatures were recorded year-round, every three hours, 
beginning at 12:00 AM. The data loggers were inspected at the site every four to six months, and 
batteries and desiccant were replaced as needed. Additional information on data logger setup and 
experimental design can be found in Fernandez et al. (2007). 
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Table I1. Least square mean temperatures and results from linear mixed-effects models testing the 
effect of replication size.  
 Least square mean temperature (°C) 
Replication Air Organic soil Mineral soil, 10 cm Mineral soil, 25 cm 
4 5.79 ± 0.19 6.67 ± 0.11 6.49 ± 0.10 6.41 ± 0.08 
5 5.77 ± 0.19 6.65 ± 0.11 6.49 ± 0.10 6.40 ± 0.08 
6 5.75 ± 0.19 6.64 ± 0.11 6.54 ± 0.10 6.43 ± 0.08 
7 5.51 ± 0.19 6.90 ± 0.11 6.21 ± 0.11 6.33 ± 0.08 
8 5.81 ± 0.19 6.67 ± 0.11 6.50 ± 0.10 6.40 ± 0.11 
φ (autocorrelation) 0.9863 0.9971 0.9983 0.9983 
F-value from LME 0.0415 0.3717 0.0986 0.4893 
p-value from LME 0.9967 0.8290 0.9829 0.7437 
 
 
Data analysis and processing 
Removal of outliers 
We used methods described in the literature to test for variance in our data, and to detect 
outliers (Peterson et al. 1998; Campbell et al. 2013). We established an acceptable temperature 
range of -50 to + 50 °C, since historical air temperature data from National Oceanic and 
Atmospheric Administration (NOAA) weather stations at multiple locations in Maine (Acadia 
National Park, GHCND:USC00170100; Bangor, GHCND:USW00014606; Caribou 
GHCND:USW00014607) (Menne et al. 2012a, 2012b) were always within this range. The data 
flagged by this process were an order of magnitude greater than our acceptable limits (+/- 500 to 
900 °C), and we excluded these data points as spurious.  
We calculated standard deviation (SD) on the long-term raw data to examine the variation of 
the data and detect statistical outliers. Values that exceeded the range of mean ± 3 SD were flagged 
as potential outliers and were then inspected manually. When these outliers were consistent across 
multiple sensors, we interpreted them as “real values” because they represented days that were 
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unusually cold or warm compared to the long-term average. If the outliers were restricted to only 
one sensor, they were excluded. 
Internal consistency check 
We performed internal consistency checks on air temperature, to test that maximum > mean 
> minimum. Maximum and minimum values were equal for some sensors during winter months, 
indicating that those sensors were buried under snow. We excluded those values since they did not 
represent air temperatures. We did not perform a similar check for soil temperatures, because soil 
temperatures often show little to no fluctuation (for instance, under snowpack). 
Data processing 
We calculated daily maximum, minimum, and average values for each replicate sensor. 
We performed correlation analysis on all replicates within each forest type to check for spatial 
consistency. All replicates were well correlated (r = 1.0, p < 0.01; Supplemental Tables S3–S6). 
We averaged values across all replicates to compute daily maximum, daily minimum, and daily 
mean temperature for each forest type. Daily average values were used to compute monthly 
average values. 
Missing values 
The dataset contains some missing values, most notably for five months in 2012. This was 
a result of equipment malfunctions coupled with logistical issues that prevented maintenance of 
the data loggers during this period. Missing data are indicated by blank entries. We have left these 
gaps unfilled and have not used climate models to estimate the missing data, because our objective 
is to provide a dataset of recorded temperatures. 
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DATA RECORDS 
Daily and monthly data are available online (Data Citation 1), in ten tab-delimited text 
files. Each file name begins with “Bear_Brook_Watershed_” and is followed by a suffix 
describing the nature of the data, i.e. air or soil; organic soil, mineral soil at 10 cm depth or 25 
cm depth; and deciduous or coniferous forest (Table I2). 
 
Table I2. Summary of data files available. 
 
 
A summary of the 16-year record is presented in Table I3 and Figure I2, and these highlight 
the effect of vegetation and the vertical stratification of temperature. Deciduous stands had higher 
soil temperatures than coniferous stands, most prominent during spring and summer. This is likely 
due to a shading effect under the dense coniferous canopy. Air temperatures showed greatest 
variability and temperature ranges, while deep mineral soils showed the least variability.  
 
 
File ID suffix Time 
scale 
Forest 
type 
Air or soil Temperature statistic 
air_dec Daily Deciduous Air Maximum, minimum, average 
soil_org_dec Daily Deciduous Soil (organic) Maximum, minimum, average 
soil_10_dec Daily Deciduous Soil (mineral, 10 cm) Maximum, minimum, average 
soil_25_dec Daily Deciduous Soil (mineral, 25 cm) Maximum, minimum, average 
air_con Daily Coniferous Air Maximum, minimum, average 
soil_org_con Daily Coniferous Soil (organic) Maximum, minimum, average 
soil_10_con Daily Coniferous Soil (mineral, 10 cm) Maximum, minimum, average 
soil_25_con Daily Coniferous Soil (mineral, 25 cm) Maximum, minimum, average 
air_soil_mean_dec Monthly Deciduous Air, soil (all depths) Average 
air_soil_mean_con Monthly Coniferous Air, soil (all depths) Average 
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Table I3. Summary of the data record over 16 years of monitoring. Asterisks denote significant 
differences between forest types at α = 0.05. 
 
 Mean SE Maximum Minimum Range 
Deciduous forest      
Air 6.30* 0.03 38.30 -30.20 68.50 
Organic soil 7.53* 0.02 22.50 -11.70 34.20 
Mineral soil, 10 cm 7.30* 0.01 18.70 -2.44 21.14 
Mineral soil, 25 cm 7.43* 0.01 19.40 -1.51 20.90 
      
Coniferous forest      
Air 5.81 0.03 35.30 -36.50 71.70 
Organic soil 6.55 0.02 23.60 -11.70 35.30 
Mineral soil, 10 cm 6.18 0.01 17.50 -3.37 20.90 
Mineral soil, 25 cm 5.93 0.01 16.80 -1.51 18.30 
 
 
 
 
Figure I2. Daily values of temperature averaged across 16 years (2001–2016) for (a) air; (b) 
organic soil; (c) mineral soil at 10 cm depth; and (d) mineral soil at 25 cm depth.  
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TECHNICAL VALIDATION 
Quality assurance procedures on data loggers 
The data loggers and sensors were calibrated by Onset Computer Corporation and were 
accurate to ± 0.2 °C above 0 °C, and accuracy declined from ± 0.2 °C to ± 0.9 °C between 0 °C 
and -30 °C (Figure 3). Additionally, we tested all data loggers and sensors for accuracy prior to 
deployment, by immersing the sensors in an ice bath, as described at 
http://www.onsetcomp.com/support/tech-notes/quick-temp-accuracy-check-ice-bath. This 
method operates on the principle that a mixture of ice and water maintains its temperature at ~0.01 
°C, the triple point of water. All sensors recorded the temperature of the ice bath as 0.00 ± 0.01 °C 
and were therefore determined to be acceptable for deployment in the field. 
 
Figure I3. Plot of accuracy vs. measured temperature for TMCx Soil Temperature Sensors, as 
provided by Onset Computer Corporation.   
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Quality control procedures on temperature data  
We analyzed the processed data (daily maximum, minimum, average) using statistical 
methods described in the literature (Peterson et al. 1998; Fiebrich et al. 2010; Campbell et al. 2013; 
US EPA 2014).  
Spatial consistency among sensors 
We conducted paired correlations on processed data among data loggers. All replicates 
within each forest type were strongly correlated (r = 1.00, p < 0.01) suggesting consistency among 
replicates.  
Testing for bias and the effect of replication 
To determine if the degree of replication influenced our values, we compared daily mean 
temperatures obtained using varying replication sizes. Eight replicate sensors were active during 
the period 2001–2003, and we randomly subsampled from these sensors to get replication sizes 
from four to eight. We analyzed these data using linear mixed effects models (fixed effect = 
replication level; random effect = forest; correlation = AR1 to account for autocorrelation; n = 
3000). The null hypothesis (that there was no significant effect of replication size) was proven 
correct. Statistical results as well as least-square means are provided in Table 1. To test if the mean 
was significantly biased by any single sensor, we calculated the mean using all eight sensors, and 
compared it with the mean of seven sensors, calculated iteratively by excluding one sensor at a 
time. All combinations were statistically similar, and no single sensor was found to significantly 
influence the overall means. These tests were run on data recorded during the period June 2003–
August 2007. Detailed results can be found in Table I4.  
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Consistency with NOAA station data  
We compared daily maximum and minimum air temperatures with records from the NOAA 
station at Wesley, ME (44.95 °N, 67.67 °W, GHCND:USC00179294) (Menne et al. 2012a, 
2012b), which is 35.41 km from our research site. The data from the two sites were well correlated 
(r = 0.94, p < 0.01), suggesting that the air temperature dataset for BBWM was consistent with the 
nearest weather station temperature record in the region (Figure I4). Our recorded air temperature 
was statistically lower than Wesley values during the growing season and fall, which we attribute 
to canopy shading. 
 
 
Figure I4. Daily mean air temperatures for BBWM and the Wesley weather station (NOAA station 
GHCND:USC00179294). Data are averaged across the 16 years of our study, 2001–2016. 
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Table I4. Results from tests to check if the mean was biased by a single sensor. We calculated 
mean temperature using all eight sensors and compared that with means calculated by excluding 
one sensor at a time. We tested for significant differences using Analysis of Variance (ANOVA), 
and those results are reported here. 
 Mean Temperature, °C 
 Air Organic soil Mineral soil, 10 
cm 
Mineral soil, 25 
cm 
Deciduous stands     
all 8 sensors 6.12 7.18 7.15 7.14 
exclude sensor D1 6.05 7.15 7.07 7.00 
exclude sensor D2 6.06 7.13 7.05 7.10 
exclude sensor D3 6.16 7.15 7.13 7.10 
exclude sensor D4 6.09 7.14 7.12 7.10 
exclude sensor D5 6.13 7.26 7.24 7.23 
exclude sensor D6 6.14 7.18 7.13 7.17 
exclude sensor D7 6.14 7.21 7.20 7.20 
exclude sensor D8 6.15 7.21 7.22 7.20 
F-value from ANOVA 0.0222 0.0681 0.2161 0.3635 
p-value from ANOVA 1.0000 0.9998 0.9882 0.9400 
     
Coniferous stands     
all 8 sensors 5.88 6.17 5.85 5.69 
exclude sensor C1 5.84 6.06 5.71 5.61 
exclude sensor C2 5.90 6.16 5.85 5.68 
exclude sensor C3 5.92 6.15 5.90 5.71 
exclude sensor C4 5.81 6.19 5.83 5.66 
exclude sensor C5 5.97 6.16 5.89 5.70 
exclude sensor C6 5.83 6.12 5.81 5.64 
exclude sensor C7 5.80 6.21 5.80 5.68 
exclude sensor C8 5.94 6.32 5.98 5.80 
F-value from ANOVA 0.0490 0.1967 0.3269 0.2296 
p-value from ANOVA 0.9999 0.9914 0.9561 0.9856 
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USAGE NOTES 
We expect that this dataset would be useful to researchers and professionals who need 
access to long-term temperature datasets to examine intra- or inter-annual trends in the region. 
Additionally, our data could be used to parameterize and/or validate climate models that predict 
soil temperature and soil function.  
The goal of this work was to obtain a continuous air and soil temperature dataset over 16 
years. However, there are limited periods without data, and users should be careful to note those 
periods in their work. Additionally, it should be noted that this dataset does not represent all 
possible site conditions for the entire watershed. The measurement locations accurately represent 
the moderate to well-drained forest soils that dominate the landscape of these watersheds, but 
sensors were not deployed in spatially minor but divergent site conditions such as in the relatively 
narrow riparian zone along streams, shallow to bedrock soils in the upper reaches of the watershed, 
or minor soils along the ridgeline of the watershed divide. 
ACKNOWLEDGMENTS 
The authors acknowledge the support of the National Science Foundation Long-Term 
Research in Environmental Biology program (DEB 1119709) and the Maine Agricultural and 
Forest Experiment Station. We are grateful to Joseph E. Karem, who helped maintain the data 
loggers in the initial years. We also acknowledge the many undergraduate and graduate student 
workers who assist in the BBWM program, including routine maintenance of the data loggers.  
 
  
203 
REFERENCES 
Bai E., Li S., Xu W., Li W., Dai W. & Jiang P. 2013. A meta-analysis of experimental warming 
effects on terrestrial nitrogen pools and dynamics. New Phytologist 199: 431–440. 
Baldocchi D.D., Black T.A., Curtis P.S., Falge E., Fuentes J.D., Granier A., Gu L., Knohl A., 
Pilegaard K., Schmid H.P., Valentini R., Wilson K., Wofsy S., Xu L. & Yamamoto S. 2005. 
Predicting the onset of net carbon uptake by deciduous forests with soil temperature and 
climate data: A synthesis of FLUXNET data. International Journal of Biometeorology 49: 
377–387. 
Brown S.E., Pregitzer K.S., Reed D.D. & Burton A.J. 2000. Predicting daily mean soil temperature 
from daily mean air temperature in four northern hardwood forest stands. Forest Science 46: 
297–301. 
Campbell C.A., Biederbeck V.O. & Warder F.G. 1971. Influence of simulated fall and spring 
conditions on the soil system: II. Effect on soil nitrogen. Soil Science Society of America 
Journal 35: 480. 
Campbell J.L., Rustad L.E., Boyer E.W., Christopher S.F., Driscoll C.T., Fernandez I.J., Groffman 
P.M., Houle D., Kiekbusch J., Magill A.H., Mitchell M.J. & Ollinger S. V. 2009. 
Consequences of climate change for biogeochemical cycling in forests of northeastern North 
America. Canadian Journal of Forest Research 39: 264–284. 
Campbell J.L., Rustad L.E., Porter J.H., Taylor J.R., Dereszynski E.W., Shanley J.B., Gries C., 
Henshaw D.L., Martin M.E., Sheldon W.M. & Boose E.R. 2013. quantity is nothing without 
quality: Automated QA/QC for streaming environmental sensor data. BioScience 63: 574–
585. 
Coleman K. & Jenkinson D.S. 1996. RothC-26.3 - A model for the turnover of carbon in soil. In: 
Evaluation of Soil Organic Matter Models, Springer Berlin Heidelberg, Berlin, Heidelberg, 
pp. 237–246. 
Conant R.T., Ryan M.G., Ågren G.I., Birge H.E., Davidson E.A., Eliasson P.E., Evans S.E., Frey 
S.D., Giardina C.P., Hopkins F.M., Hyvönen R., Kirschbaum M.U.F.U.F., Lavallee J.M., 
Leifeld J., Parton W.J., Megan Steinweg J., Wallenstein M.D., Martin Wetterstedt J.Å. & 
Bradford M.A. 2011. Temperature and soil organic matter decomposition rates - synthesis of 
current knowledge and a way forward. Global Change Biology 17: 3392–3404. 
Contosta A.R., Adolph A., Burchsted D., Burakowski E., Green M., Guerra D., Albert M., Dibb 
J., Martin M., McDowell W.H., Routhier M., Wake C., Whitaker R. & Wollheim W. 2017. A 
longer vernal window: the role of winter coldness and snowpack in driving spring transitions 
and lags. Global Change Biology 23: 1610–1625. 
Contosta A.R., Frey S.D. & Cooper A.B. 2011. Seasonal dynamics of soil respiration and N 
mineralization in chronically warmed and fertilized soils. Ecosphere 2: art36. 
Davidson E.A. & Janssens I.A. 2006. Temperature sensitivity of soil carbon decomposition and 
feedbacks to climate change. Nature 440: 165–173. 
204 
Decker K.L.M., Wang D., Waite C. & Scherbatskoy T. 2003. Snow removal and ambient air 
temperature effects on forest soil temperatures in northern Vermont. Soil Science Society of 
America Journal 67: 1234. 
Fernandez I.J., Karem J.E., Norton S.A. & Rustad L.E. 2007. Temperature, soil moisture, and 
streamflow at the Bear Brook Watershed in Maine (BBWM). Maine Agricultural and Forest 
Expeirment Station Technical Bulletin 196. 
Fiebrich C.A., Morgan Y.R., Mccombs A.G., Hall P.K. & Mcpherson R.A. 2010. Quality 
assurance procedures for mesoscale meteorological data. Journal of Atmospheric and Oceanic 
Technology 27: 1565–1582. 
Groffman P.M., Driscoll C.T., Fahey T.J., Hardy J.P., Fitzhugh R.D. & Tierney G.L. 2001. Colder 
soils in a warmer world: A snow manipulation study in a northern hardwood forest ecosystem. 
Biogeochemistry 56: 135–150. 
Groffman P.M., Rustad L.E., Templer P.H., Campbell J.L., Christenson L.M., Lany N.K., Socci 
A.M., Vadeboncoeur M.A., Schaberg P.G., Wilson G.F., Driscoll C.T., Fahey T.J., Fisk M.C., 
Goodale C.L., Green M.B., Hamburg S.P., Johnson C.E., Mitchell M.J., Morse J.L., Pardo 
L.H. & Rodenhouse N.L. 2012. Long-term integrated studies show complex and surprising 
effects of climate change in the northern hardwood forest. BioScience 62: 1056–1066. 
Hayhoe K., Wake C.P., Huntington T.G., Luo L., Schwartz M.D., Sheffield J., Wood E., Anderson 
B., Bradbury J., DeGaetano A., Troy T.J. & Wolfe D. 2007. Past and future changes in climate 
and hydrological indicators in the US Northeast. Climate Dynamics 28: 381–407. 
Illston B.G. & Fiebrich C.A. 2017. Horizontal and vertical variability of observed soil 
temperatures. Geoscience Data Journal 4: 40–46. 
Knoepp J.D. & Swank W.T. 2002. Using soil temperature and moisture to predict forest soil 
nitrogen mineralization. Biology and Fertility of Soils 36: 177–182. 
Kreyling J., Peršoh D., Werner S., Benzenberg M. & Wöllecke J. 2012. Short-term impacts of soil 
freeze-thaw cycles on roots and root-associated fungi of Holcus lanatus and Calluna vulgaris. 
Plant and Soil 353: 19–31. 
Larsen K.S., Andresen L.C., Beier C., Jonasson S., Albert K.R., Ambus P., Arndal M.F., Carter 
M.S., Christensen S., Holmstrup M., Ibrom A., Kongstad J., Linden L. Van Der, Maraldo K., 
Michelsen A., Mikkelsen T.N., Pilegaard K., Priemé A., Ro-Poulsen H., Schmidt I.K., Selsted 
M.B. & Stevnbak K. 2011. Reduced N cycling in response to elevated CO2, warming, and 
drought in a Danish heathland: Synthesizing results of the CLIMAITE project after two years 
of treatments. Global Change Biology 17: 1884–1899. 
Liang L.L., Riveros-Iregui D.A., Emanuel R.E. & McGlynn B.L. 2014. A simple framework to 
estimate distributed soil temperature from discrete air temperature measurements in data-
scarce regions. Journal of Geophysical Research: Atmospheres 119: 407–417. 
Likens G.E., Dresser B.K. & Buso D.C. 2004. Short-term temperature response in forest floor and 
soil to ice storm disturbance in a northern hardwood forest. Northern Journal of Applied 
Forestry 21: 209–219. 
205 
Menne M.J., Durre I., Korzeniewski B., McNeal S., Thomas K., Yin X., Anthony S., Ray R., Vose 
R.S., E.Gleason B. & Houston T.G. 2012a. Global Historical Climatology Network - Daily 
(GHCN-Daily). 
Menne M.J., Durre I., Vose R.S., Gleason B.E. & Houston T.G. 2012b. An Overview of the Global 
Historical Climatology Network-Daily Database. Journal of Atmospheric and Oceanic 
Technology 29: 897–910. 
Norton S.A., Fernandez I.J., Kahl J.S., Rustad L.E., Navrátil T. & Almquist H. 2010. The evolution 
of the science of Bear Brook Watershed in Maine, USA. Environmental Monitoring and 
Assessment 171: 3–21. 
Norton S.A., Kahl J.S. & Fernandez I.J. 1999. Altered soil-soil water interactions inferred from 
stream water chemistry at an artificially acidified watershed at Bear Brook Watershed, Maine 
USA. Environmental Monitoring and Assessment 55: 97–111. 
Peterson T.C., Vose R., Schmoyer R. & Razuvaëv V. 1998. Global historical climatology network 
(GHCN) quality control of monthly temperature data. International Journal of Climatology 
18: 1169–1179. 
Redding T.E., Hope G.D., Fortin M.-J., Schmidt M.G. & Bailey W.G. 2003. Spacial patterns of 
soil temperature and moisture across subalpine forest-clearcut edges in the southern interior 
of British Columbia. Canadian Journal of Soil Science 83: 121–130. 
Repo T., Sirkiä S., Heinonen J., Lavigné A., Roitto M., Koljonen E., Sutinen S. & Finér L. 2014. 
Effects of frozen soil on growth and longevity of fine roots of Norway spruce. Forest Ecology 
and Management 313: 112–122. 
Salinger M.J. 2005. Climate variability and change: Past, present and future – An overview 
Climatic Change 70: 9–29. 
SanClements M.D., Fernandez I.J. & Norton S.A. 2010. Soil chemical and physical properties at 
the Bear Brook Watershed in Maine, USA. Environmental Monitoring and Assessment 171: 
111–128. 
Schimel J.P., Bilbrough C. & Welker J.M. 2004. Increased snow depth affects microbial activity 
and nitrogen mineralization in two Arctic tundra communities. Soil Biology and Biochemistry 
36: 217–227. 
Tatariw C., Patel K., MacRae J.D. & Fernandez I.J. 2017. Snowpack loss promotes soil freezing 
and concrete frost formation in a northeastern temperate softwoods stand. Northeastern 
Naturalist 24: B42–B54. 
Templer P.H. 2012. Changes in winter climate: soil frost, root injury, and fungal communities. 
Plant and Soil 353: 15–17. 
US EPA, C.C.D. 2014. U.S. and Global Temperature. : 1–9. [Online] Available: 
http://www.epa.gov/climatechange/science/indicators/weather-
climate/temperature.html%5Cnfiles/4/temperature.html. 
Yin X. & Arp P.A. 1993. Predicting forest soil temperatures from monthly air temperature and 
precipitation records. Canadian Journal of Forest Research 23: 2521–2536. 
206 
Zheng D., Hunt E.R. & Running S.W. 1993. A daily soil temperature model based on air 
temperature and precipitation for continental applications. Climate Research 2: 183–191. 
Zhou L., Dickinson R.E., Tian Y., Vose R.S. & Dai Y. 2007. Impact of vegetation removal and 
soil aridation on diurnal temperature range in a semiarid region: application to the Sahel. 
Proceedings of the National Academy of Sciences of the United States of America 104: 17937–
17942. 
 
DATA CITATION 
1. Patel Kaizad F., Nelson, Sarah J., Spencer, Cheryl J., & Fernandez Ivan J. PANGAEA 
https://doi.org/10.1594/PANGAEA.885860 (2018). 
 
  
207 
APPENDIX J 
CHANGING CLIMATOLOGY OF BBWM 
Figure J1. Annual (a) temperature and (b) precipitation trends for BBWM. Data obtained from 
the University of Maine’s Climate Reanalyzer (PRISM) for the coordinates 44.93 °N, 291.34 °E. 
After 1993, air temperatures warmed at a rate ~10X the pre-1993 rate. At this point, the cause of 
this change is unclear.   
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Figure J2. Weekly snow depth for BBWM, averaged over 14 years (2001–2014). Data were 
obtained from the Maine Cooperative Snow Survey (Maine River Flow Advisory Commission) 
for Beddington.  
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